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ABSTRACT 
 The Yazoo Darter is a range-restricted endemic fish in north-central Mississippi.  
Because the limited and fragmented range of this species puts it at risk of extinction, the Yazoo 
Darter has been classified as vulnerable or sensitive by several agencies and conservation 
organizations.  However, the actual conservation status of this species is uncertain.  Information 
necessary for conservation management is realtively sparse and is scattered among published and 
unpublished sources, particularly collection records.  I have consolidated all known collection 
records for this species into a standardized database which has not only yielded valuable 
information presented here, but will provide a resource for future management efforts.   In 
addition, I have used genetic methods to quantify contemporary population structure, genetic 
variation, and gene flow throughout the range of the species, estimated contemporary migration 
rates and effective population sizes, and have compared them to historic estimates before habitat 
modification and fragmentation.  I also used genetic methods to try to detect and determine when 
population declines occurred.  Results indicate that the Yazoo Darter is distributed unevenly 
across the two major river drainages within its range and that the species is at greater risk of 
extirpation due to anthropogenic disturbance in the Yocona River drainage.  Most genetic 
variation is partitioned among populations and each tributary of the two major river drainages 
that we sampled constituted a genetically distinct population.  Since habitat modification began 
about 150 years ago, effective population sizes have declined severely and populations have 
become genetically isolated resulting in decreased genetic variation.  All populations are small 
enough in size and geographic range to be at risk of extirpation due to stochastic factors. 
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I.  CONSERVATION ASSESSMENT OF THE YAZOO DARTER (ETHEOSTOMA 
RANEYI) 
 
Abstract  
 I summarized all known historical and contemporary data on geographic distribution of 
the Yazoo Darter (Etheostoma raneyi, Percidae), a range-restricted endemic in the Little 
Tallahatchie and Yocona R.s (upper Yazoo River basin), Mississippi.  I identified federal and 
state land owership in relation to the darter's distribution and provided quantitative estimates of 
abundance of the species overall and by rainage unit.  I also quantified sex ratio and mean size of 
males and females by drainage unit, summarized abiotic and physical characteristics of streams 
supporting the species, and characterized the fish assemblage most often associated with the 
Yazoo Darter.  Yazoo Darters are strictly a headwater species, have a female-skewed sex ratio, 
have larger males than females and individuals in the Yocona R. drainage are larger than in the 
Little Tallahatchie R. drainage.  Abundance was highly variable within watershed units and 
between the two major drainages, but overall similar among units within each major drainage 
and between drainages.  Yazoo Darter habitat in the Little Tallahatchie R. drainage has some 
protection because many streams supporting this species are on land managed by federal or state 
agencies.  Streams with Yazoo Darters are less common in the Yocona R. drainage, have almost 
no protection, and face growing pressure from urban expansion.
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Introduction 
 Etheostoma raneyi Suttkus and Bart (Yazoo Darter) (Percidae: subgenus Ulocentra) is a 
range-restricted fish endemic to the Yocona, Little Tallahatchie, and Tippah River systems of the 
upper Yazoo River basin in north-central Mississippi (Johnston and Haag 1996, Suttkus et al. 
1994, Thompson and Muncy 1986) (Fig. 1).  The species is classified as vulnerable by the 
Southeastern Fishes Council (Warren et al. 2000) and American Fisheries Society (Jelks et al. 
2008), as globally imperiled by the Nature Conservancy (NatureServe 2011), and as sensitive by 
the USDA Forest Service.  The Mississippi Comprehensive Wildlife Conservation Strategy lists 
the Yazoo Darter as a Tier 1 species of greatest conservation need in the Upper East Gulf Coast 
Plain Ecoregion (Mississippi Museum of Natural Science 2009).   
 Yazoo Darters are small (<65mm SL), benthic insectivores living at most three years with 
most individuals not surviving their first year (Johnston and Haag 1996).  Recent phylogenetic 
analyses using mitochondrial DNA recovered two monophyletic clades that are congruent with 
localities of Yazoo Darter specimens from the Little Tallahatchie River (Tallahatchie R. 
hereafter) and Yocona River (hereafter Yocona R.) drainages, respectively (Powers and Warren 
2009).  Based on this, Powers and Warren (2009) recommended these two allopatric populations 
of Yazoo Darters be treated as separate Management Units. 
 Although not formally described until 1994 (Suttkus et al. 1994), the Yazoo Darter was 
recognized as distinct in earlier surveys within its range (Randolph and Kennedy 1974, 
Thompson and Muncy 1986), providing substantial historical distributional information from the 
1960s, 1970s and 1980s.  Suttkus et al. (1994) indicated the first known collection of Yazoo 
Darters occurred in 1952 at Pumpkin Creek (Lafayette County, MS) and provided other 
collection localities through the early 1990s.  Ross et al. (2001 and pers. comm.) furnished 
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records primarily from the 1980s through the mid-1990s.  The USDA Forest Service (hereafter 
USFS) conducted an extensive set of surveys throughout the range of the species from 1999 to 
2003 (Warren et al. 2002) and again in 2009 and 2010. 
 Here, my goal is to summarize known distributional, habitat, and biological data for the 
species including new information from our recent work.  Specifically I have six objectives: 1) 
summarize all known historical and contemporary data on geographic distribution of the species; 
2) identify federal and state land owership in relation to the darter's distribution; 3) provide 
quantitative estimates of abundance of the species overall and by drainage unit; 4) quantify sex 
ratio and mean size of male and female fish by drainage unit; 5) summarize abiotic 
characteristics of streams supporting the species; and 6) characterize the fish assemblage most 
often associated with the Yazoo Darter.  I hope that future investigations will build upon this 
data allowing for better informed management decisions regarding Yazoo Darters and stream-
dependent organisms in watersheds of northern Mississippi. 
 
Study region 
 The range of the Yazoo Darter lies within the Northern Hilly Gulf Coastal Plain 
Ecoregion (Chapman et al. 2004) of north-central Mississippi which consists of low rolling hills 
with elevations ranging from 80 m to 180 m.  The region has experienced significant 
anthropogenic habitat alteration.  Beginning in the mid-19
th
 century, forests were removed and 
land converted to agricultural use which led to widespread and dramatic erosion, filling stream 
valleys with sediment which exacerbated flooding problems (Cooper and Knight 1991, Shields et 
al. 1994). Localized efforts to prevent flooding and to reclaim valley lands by straightening and 
channelizing streams met with little success (Shields et al. 1994).  The so-called Great Flood of 
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1927 affected seven states including Mississippi and prompted the federal government to action. 
Within the range of the Yazoo Darter, large (~40,400 ha.) flood control impoundments were 
constructed on each of the two major drainages, the Yocona and Little Tallahatchie rivers, 
extensive stream reaches were straightened and channelized, and hundreds of headwater streams 
were impounded by small dams.  These actions, particularly stream channelization, altered 
stream gradients which resulted in stream incisement and headcutting in nearly all headwater 
streams (Shields et al. 1998).  Channelized and incised streams tend to be shallow, sandy, 
homogeneous, turbid and unstable with flashy flows (Adams et al. 2004, Shields et al. 1994, 
1998, Simon and Darby 1997). 
  
Methods 
Historical records 
 I compiled historical records (pre-1999) for Yazoo Darters from the published literature 
(Johnston and Haag 1996, Randolph and Kennedy 1974, Ross et al. 2001, Suttkus et al. 1994, 
Thompson and Muncy 1986), Tulane Museum of Natural History (H. Bart, Tulane University, 
Belle Chase LA, unpubl. data), Mississippi Museum of Natural Sciences (T. Slack, Jackson MS, 
unpubl. data) and collection records obtained directly from workers (W. Haag, USDA Forest 
Service, Oxford MS, unpubl. data).  I obtained recent records (post-1998) from my own database 
for the 1999-2003 USFS surveys, and from my own recent samples (2009-2010) (see Table 1, 
Appendix for record details).   
 
Field methods 
 I predetermined reach lengths sampled for Yazoo Darters and other fishes in order to 
make sampling effort proportional to stream size (Angermeier and Smogor 1995, Paller 1995). I 
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initially (1999) calculated reach lengths by multiplying the average width of the stream by 20 but 
I changed this to 30 times the average width of the stream for 2000-2003 and 2009-2010 
samples.  For streams <4 m average width, I initially (1999) set a minimal reach length of 80 m 
but I changed this to a minimum reach length of 120 m for streams <4 m average width for our 
2000-2003 and 2009-2010 samples.  For streams >15 m average width, I set a maximum reach 
length of 300 m. 
 For fish samples (n = 93) collected in 1999-2003 (Warren et al. 2002), I standardized 
effort for single-pass backpack electrofishing and seining to reduce bias and assure capture of a 
representitive sample of fish species.  I calculated total sampling time for electrofishing by 
multiplying the predetermined reach length by five seconds and I allocated time fished along the 
entire reach and all available habitats.  I conducted eight seine hauls for streams <5 m average 
width and twelve seine hauls for streams >5 m average width.  I defined a haul as either a 
sustained pull within a stream habitat such as a pool, or one set-and-kick in a riffle (Jenkins and 
Burkhead 1994).  I allocated seine hauls along the entire reach and attempted to sample all 
available habitats (riffles, runs, and pools). 
 For our 2009-2010 fish samples (n = 97), Yazoo Darters were specifically targeted using 
only single-pass backpack electrofishing.  I sampled most streams from March 2009 through July 
2009.  I recorded all fishes captured and measured and sexed all Yazoo Darters.  Sex was 
determined by presence or absence of male breeding colors, primarily the orange pigment 
present year round on mature males.  Immature fish (< ~30 mm) were not sexed.   
 In a related study, I sampled three sites (7180, 6821, and 6852, Table 1, Appendix) in 
separate streams periodically (June-July 2009, September-October 2009, January 2010, April-
May 2010, and September 2010).  A fourth site (7053, Table 1, Appendix) was added to my 
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periodic sampling September-October 2009.  At these sites I used standardized backpack 
electrofishing of predetermined reach lengths as described previously. 
 I recorded habitat variables for our 1999-2003 samples after sampling for fishes.  Within 
each reach I established twelve equally spaced transects along the pre-determined fish sampling 
reach.  At each transect, I measured wetted width and visually estimated bank stability (eroding 
or stable) and right bank height.  At equally spaced points along each transect, I measured water 
depth (cm) and velocity (m/sec at 0.6 depth).  I also recorded presence or absence of detritus, 
small wood (<10 cm diameter or <1.5 m in length), large wood (>small wood), and aquatic 
vegetation and visually estimated percentage canopy cover at each point as 0, 25, 50, 75, or 
100%.  I adjusted the number of points per transect depending on stream width (transects >10 m 
in width, points at 2-m intervals; 5-10 m in width, 1-m intervals; <5 m in width, 5 points).  
Variables measured as present or absent are proportional because the number of points used to 
measure variables varied depending on stream width. 
 
Data analyses 
 I calculated abundance estimates, sex ratios, and mean standard length (SL) of Yazoo 
Darters using post-1998 data (Warren et al. 2002) and data from my recent surveys (2009-2010). 
I estimated abundance at sampling sites as the number of Yazoo Darters captured per hour of 
electrofishing (CPUE) ± 95% confidence intervals.  Darters captured by seine are not included in 
the abundance estimates.  I calculated sex ratios, mean SL of male and female darters, and mean 
SL of males and females combined for three watershed units within the Tallahatchie R. drainage 
(Cypress Creek Unit, Tippah River Unit, and Tallahatchie R. Tributaries Unit [all tributaries 
except Cypress Creek and the Tippah River]) and two units within the Yocona R. drainage 
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(Otoucalofa Creek and Yocona R. Units) (Fig. 1, Appendix).  I tested if sex ratios deviated 
significantly from 1:1 in each unit within a drainage (chi-square goodness of fit, nonparametric 
exact p-values, StatXact 8, Cytel Inc. 2007) and for differences in SL between sexes among units 
within drainages and between drainages (ANOVA, Pop-tools, Microsoft Excel).  I calculated 
95% confidence intervals for sex ratios and mean SL for all watershed units and drainages. 
 Using data from the 1999-2003 sites at which Yazoo Darters were present, (n = 37), I 
determined stream link (Osborne and Wiley 1992) and stream order (Strahler 1957), from USGS 
7.5 minute topographic maps by counting both perennial and intermittent streams because stream 
flow designations are unreliable in our region.  As a consequence, my estimates of these 
measures are inflated as compared to estimates obtained by counting only perennial streams as 
described for these methods in the original papers.  I also determined watershed area (km
2
) for 
each of these sites using either USGS 7.5 minute topographic maps or DeLorme TopoUSA ver. 
7.0.  I then calculated means (± SE) for each of these variables and calculated mean values (± 
SE) for wetted width (m), depth (cm), and current velocity (m/sec) from my data collected in the 
field as described earlier in the methods. 
 I tested possible relationships between abiotic habitat variables and Yazoo Darter 
abundance.  First I used principle components analysis (PCA; PC-Ord ver. 5, McCune and Grace 
2002) to reduce twelve abiotic variables (stream order, watershed area, wetted width, depth, 
velocity, detritus, small wood, large wood, aquatic vegetation, canopy cover, bank height, and 
bank stability) to a smaller number of synthetic variables that retained most of the information 
from the original data.  I square-root transformed all data except proportional data which I arc-
sin square root transformed.  I determined the number of interpretable axes generated by PCA 
using the broken stick method (Jackson 1993).  I then correlated (Pearson coefficient, JMP 5.1 
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statistical software, SAS Institute 2002) Yazoo Darter abundance at each site and site scores 
from each PCA axis. 
 I assessed the strength of species associations from Jaccard‟s Index (J) (Marsh-Matthews 
and Matthews 2002, Smiley et al. 2006) using data from the 1999-2003 samples only (n = 93).  I 
calculated the index between each species across all sites and Yazoo Darters as: J = A/(A+B+C), 
where A = number of sites occupied by both species (Yazoo Darter and other species); B = 
number of sites occupied by Yazoo Darters, but not the other species; and C = number of sites 
occupied by the other species and not Yazoo Darters.  J ranges from 0 to 1; species most 
associated with Yazoo Darters have higher index scores. 
 I dropped two sites sampled in the 1999-2003 surveys (sites 6814 and 6819) from all of 
my analyses because they were statistical outliers for watershed area, average wetted width, and 
average depth.  I determined this using an outlier box plot (JMP 5.1 statistical software, SAS 
Institute 2002).  Each site was from the mainstem Tallahatchie R. Canal, and each site had one 
juvenile Yazoo Darter recorded.  I address these sites in the discussion. 
 
Results 
 My data compilation yielded 207 records for samples yielding Yazoo Darters, including 
multiple samples at the same site over time, out of about 790 total recorded samples for fishes 
within the known range of the species (Figs. 2 and 3; Table 1, Appendix I).  At any given site of 
occurrence, Yazoo Darters were detected from one to 18 times.  A total of 2,151 individual 
Yazoo Darters were captured across all sites and samples.  Of 20 sites with historical presence of 
Yazoo Darters that were resampled, two sites sampled in 1999-2003 did not yield Yazoo Darters 
and an additional five pre-1999 sites sampled in 2009-2010 did not yield Yazoo Darters.  One 
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site (6877) that yielded darters in 1999-2003 did not in 2009-2010.  Twenty five sites with 
recorded presence of Yazoo Darters before 1999 were not resurveyed (see Table 1, Appendix).   
 
 
Figure 2. Results of pre-1999 stream samples and landownership across the range of the Yazoo 
Darter.  Solid circles represent sites that yielded Yazoo Darters, and open circles sites that did 
not yield Yazoo Darters.  The polygon encloses the proclamation boundary of the Holly Springs 
National Forest; federal and state lands are shaded (see legend). 
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Figure 3. Results of post-1998 stream samples and landownership across the range of the Yazoo 
Darter.  Solid circles represent sites that have yielded Yazoo Darters, open circles represent sites 
that have not yielded Yazoo Darters.  The polygon encloses the proclamation boundary of the 
Holly Springs National Forest; federal and state lands are shaded (see legend). 
 
 Within its relatively narrow range, the Yazoo Darter is dispersed across numerous 
tributaries in the middle Tallahatchie R. and middle Yocona R. drainages.  Within the 
Tallahatchie R. drainage, the species is known from eleven individual tributaries (18 sites) within 
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the Tippah River unit, one tributary (ten sites, Puskus Creek) plus two sites in the mainstem 
within the Cypress Creek Unit, and ten tributaries (27 sites) plus two sites in the mainstem within 
the Tallahatchie R. tributaries Unit.  Within the Yocona R. drainage, the species is known from 
four tributaries (13 sites) draining in the Yocona R. Unit, and ten tributaries (ten sites) plus two 
sites in the mainstem within the Otoucalofa Creek Unit.  All sites with Yazoo Darters are within 
the boundaries of the Northern Hilly Gulf Coastal Plain Ecoregion with the exception of one site 
(6847) that is just over the boundary in the Loess Plains Ecoregion (Chapman et al. 2004). 
 Of 84 sites of known occurrence of the Yazoo Darter, only 32% are on federally or state 
managed property.  Sixteen and six are on federal property managed by the Holly Springs 
National Forest (USFS) and United States Corps of Engineers, respectively, and five are on state 
of Mississippi property (University of Mississippi Biological Field Station and Wall Doxey State 
Park) (Figs. 2 and 3, Table 1, Appendix).  These represent about nine separate tributary streams. 
Another 26 sites (31%) are ≤2 stream km from federal or state lands and represent about nine 
separate tributary streams.  Most of these sites (46) are in the Tallahatchie R. tributaries, Tippah 
and Cypress Creek units.  Few federal or state managed sites (7) are in the Yocona R. Unit, and 
these represent only two separate tributary streams.  No such sites are located in the Otoucalofa 
Creek Unit.     
 The Yazoo Darter is decidedly a species of small, flowing streams.  At 37 sites yielding 
Yazoo Darters in the 1999-2003 survey, mean stream order, stream link, watershed area, width, 
depth, and water velocity all are indicative of small, shallow, flowing streams (Table 2); the 
relatively low standard errors on most of these variables suggest a relatively high affinity to this 
habitat.  Examination of survey results in large streams in the area lends further support to the 
small stream affinities of the species.  A total of about 91 samples in my compiled database from 
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mainstem reaches of the Tippah, Tallahatchie R. Tributaries, Cypress, Yocona, and Otoucalofa 
Creek units did not yield Yazoo Darters.  However, one juvenile Yazoo Darter each was 
captured from two sites in the Tallahatchie R. Canal in August 1999.  Two Yazoo Darters were 
taken in the mainstem of Otoucalofa Creek (Ross et al. 2001 and unpubl. data) at the confluence 
with Sarter Creek (site 4984) in May 1986.  A sample in July 1985 (Ross et al. 2001 and unpubl. 
data) revealed 26 Yazoo Darters near the headwaters of Otoucalofa Creek in the mainstem of the 
stream (site 1129).  Yazoo Darters were also present in seven samples from near the headwaters 
of Cypress Creek in the mainstem (sites 6865 and 6867).  I address these samples in the 
Discussion. 
 
Table 2.  Means and standard errors (± SE) of abiotic variables and sample size (n) for sites with 
Yazoo Darters sampled from 1999-2003 across all units and drainages. 
 
 
Order Link Area (km) Width (m) Depth (cm) Velocity (m/sec) 
Mean 3.24 28.30 20.86 4.25 14.77 0.22 
± SE 0.162 6.80 3.939 0.329 1.892 0.025 
n 37 37 37 37 37 37 
 
 Mean abundance of Yazoo Darters at sites of occurrence varied among watershed units 
but within unit variability was high (Fig. 4).  Mean abundance across all units ranged from 34.1 
to 74.9 individuals/hour in the Cypress and Otoucalofa Creek units, respectively.  Notably the 
Yocona R. and the Cypress Creek units had considerably lower mean abundances (~50% lower) 
than other units within their respective river drainages but confidence intervals showed broad 
overlap.  Confidence intervals for most units were wide indicating high among site variation.  No 
differences in mean abundance were apparent between the Yocona R. drainages and the 
Tallahatchie R. drainages. 
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Figure 4.  Mean abundance (fish/hour of electrofishing) (± 95% C.I.) of Yazoo Darters across 
sites of occurrence for each watershed unit and river drainage. 
 
 
 Differences in size were apparent between the sexes and between river drainages.  Males 
were significantly larger than females in the Yocona R. drainage (df = 1, 95, F = 23.05, p ≤ 
0.0001) and the Tallahatchie R. drainage (df = 1, 309, F = 114.63, p ≤ 0.0001).  Females (df = 1, 
305, F = 22.23, p ≤ 0.0001) and males (df = 1, 99, F = 4.11, p ≤ 0.045) were significantly larger 
in the Yocona than in the Tallahatchie R. drainages (Table 3).  Mean sizes were similar among 
units in the Yocona R. drainage, but showed more variation among units in the Tallahatchie R. 
drainage.   
 Sex ratios were skewed toward females and significantly deviate from expected 1:1 sex 
ratios in all units (Table 3).  Ratios were similar in units in the Yocona R. drainage; percentage 
males in those units were nearly identical and had broadly overlapping confidence intervals.  The 
Tallahatchie R. drainage units were more variable.  The percentage males in the Tallahatchie R. 
Tributaries Unit was lower than the Tippah River Unit and their confidence intervals did not 
overlap.  Percentage males in the Cypress Creek Unit were intermediate between these two units.  
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Table 3.  Mean (± SE) standard length (SL, mm) of female and male Yazoo Darters by watershed unit and drainage, percentage of 
male darters (± 95% C.I.) in the sample, male to female sex ratios, and mean (± SE) SL of female and male Yazoo Darters combined 
by watershed unit and drainage.  Different superscripted letters indicate significant differences in length among the row means. 
 
 
Otoucalofa 
Creek Unit 
Yocona R. 
Unit 
Yocona R. 
Combined 
Tallahatchie 
R. Tributaries 
Unit 
Cypress 
Creek Unit 
Tippah River 
Unit 
Tallahatchie 
R. Combined 
 
Female mean 
SL 43.19 41.69 42.32
a 
38.45 42.87 40.15 39.79
b 
±SE  0.776 0.683 0.517 0.213 0.545 0.608 0.244 
n  28 39 67 133 51 56 240 
        Male mean SL 47.69 47.88 47.80
a 
43.26 47.24 46.44 45.48
b 
±SE  2.027 1.650 1.260 0.748 1.252 0.737 0.522 
n  13 17 30 25 14 32 71 
        Male and 
Female mean 
SL 44.62 43.57 44.014
a 
39.21 43.81 42.44 41.09
b 
±SE 0.882 0.782 0.585 0.256 0.549 0.570 0.261 
n 41 56 97 158 65 88 311 
        Percentage 
Males 31.7 30.4 30.9 15.8 21.5 36.4 22.8 
±95% C.I. 14.24 12.04 9.20 5.69 9.99 10.05 4.67 
Males : 
Females 1: 2.15 1: 2.29 1: 2.23 1: 5.32 1: 3.64 1: 1.75 1: 3.38 
X² goodness 
of fit 5.48 8.64 
 
73.82 21.06 6.55 
 Exact p 0.028 0.005 
 
<0.0001 <0.0001 0.014 
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Between the Yocona R. and Tallahatchie R. drainages, the percentage males were similar, and 
the confidence intervals overlapped. 
 Among those sites where Yazoo Darters were present, ordination of abiotic variables 
described a stream-size gradient and an aquatic vegetation, stream flow, and stream incisement 
gradient.  The first two PCA axes were regarded as interpretable with axis 1 explaining 34.0% 
and axis 2 18.4% of the variance in the dataset.  PCA axis 1 was positively correlated with 
canopy and bank height and negatively with area, width, and depth.  PCA axis 2 was positively 
correlated with aquatic vegetation and current velocity and negatively correlated with bank 
height and canopy (Table 4).  Yazoo Darter abundance was not correlated with site scores on 
PCA axis 1 (r = 0.048, p ≤ 0.21) or axis 2 (r = 0.004, p ≤ 0.7). 
 
Table 4.  Loadings from principal components analysis (PCA) of abiotic variables for sites with 
Yazoo Darters sampled from 1999-2003 across all units and drainages. 
 
Abiotic variable PCA axis 1 PCA axis 2 
 
Stream Order -0.7048 -0.4407 
Area (km²) -0.8588 -0.2841 
Width (cm) -0.8628 -0.2585 
Depth (cm) -0.8087 0.3571 
Velocity (m/sec) -0.4718 0.5036 
Detritus (%) -0.4064 -0.222 
Small wood (%) -0.5273 0.1426 
Bank height (cm) 0.3442 -0.4881 
Bank stability (%) -0.3488 -0.2493 
Large wood (%) -0.5142 -0.344 
Aquatic vegetation (%) -0.1455 0.8894 
Canopy (%) 0.5134 -0.4532 
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 A total of 72 species were associated with Yazoo Darters at >1 of 93 sampled sites, but 
no species showed strong poisitive association (J-scores all <0.5; Table 5).  Over all quantitative 
samples, the Yazoo Darter occurred at 37 of 93 sites, the 11
th 
most common species by site.  The 
three species that most commonly occurred across all sites sampled were Fundulus olivaceus 
Storer (Blackspotted Topminnow), Lepomis macrochirus Rafinesque (Bluegill), and Lepomis 
cyanellus Rafinesque (Green Sunfish).  The three species most associated with Yazoo Darters 
were Noturus phaeus Taylor (Brown Madtom) lampreys (mostly unidentified ammocoetes), and 
Percina sciera Swain (Dusky Darter). 
 
Discussion 
 Additional sampling effort will result in the discovery of new localities with Yazoo 
Darters, but given my sampling and the combined database, few additional tributary populations 
are likely to be discovered even with expanded effort.  My own sampling effort was mainly in 
the central and western portions of the Yocona and Tallahatchie R. drainages within the known 
range of the Yazoo Darter.  Sampling effort along the eastern portions of the known range of 
Yazoo Darters has been less intense and appears to have the highest potential to yield new 
tributary records for the species.  Twenty five sites with records for Yazoo Darters pre-1999 have 
not been resampled and should be a priority for future sampling effort (see Table 1, Appendix). 
 Land ownership patterns in relation to Yazoo Darter distribution paints a mixed picture in 
terms of long-term persistence of the species.  Many stream sites harboring Yazoo Darters in the 
Tallahatchie R. drainage are in watersheds offering some measure of protection as some portion 
of the watershed they are in is managed by the state or federal government for timber, recreation, 
or research.  As such, these sites should be at substantially less risk of degradation than streams  
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Table 5.  Jaccard‟s Index (J) between Yazoo Darters and other fish species (72 total species, 92 sites) captured during the USFS 
stream surveys from 1999-2003.  A = number of sites with both Yazoo Darters and other species, B = number of sites with Yazoo 
Darters and not the other species, C = number of sites with only the other species, Rank = Jaccard‟s Index rank, Oc = number of sites 
occupied by that species, Oc rank = occurance rank. 
 
Species Common name A B C J Rank Oc Oc rank 
 
Etheostoma raneyi Yazoo Darter - 37 - 
  
37 11 
Noturus phaeus Brown Madtom 29 8 23 0.483 1 52 6 
 
Unidentified lamprey 23 14 12 0.469 2 35 13 
Percina sciera Dusky Darter 25 12 22 0.423 3 47 8 
Fundulus olivaceous Blackspotted Topminnow 31 6 45 0.378 4 76 1 
Cyprinella camura Bluntface Shiner 25 12 30 0.373 5 55 5 
Lepomis macrochirus Bluegill 29 8 46 0.349 6 75 2 
Etheostoma lynceum Brighteye Darter 17 20 12 0.346 7 29 20 
Semotilus atromaculatus Creek Chub 21 16 27 0.328 8 48 7 
Lepomis cyanellus Green Sunfish 25 12 40 0.325 9 65 3 
Lepomis megalotis Longear Sunfish 22 15 35 0.306 10 57 4 
Etheostoma parvipinne Goldstripe Darter 16 21 18 0.291 11 34 14 
Hypentelium nigricans Northern Hog Sucker 12 25 8 0.267 12 20 31 
Lepomis marginatus Dollar Sunfish 13 24 13 0.26 13 26 24 
Hybognathus nuchalis Mississippi Silvery Minnow 13 24 13 0.26 13 26 24 
Lythrurus umbratilis Redfin Shiner 16 21 25 0.258 15 41 9 
Etheostoma swaini Gulf Darter 10 27 4 0.244 16 14 34 
Moxostoma poecilurum Blacktail Redhorse 11 26 10 0.234 17 21 30 
Erimyzon oblongus Creek Chubsucker 13 24 20 0.228 18 33 16 
Cyprinella venusta Blacktail Shiner 13 24 21 0.224 19 34 14 
Lepomis gulosus Warmouth 12 25 17 0.222 20 29 20 
Ameiurus natalis Yellow Bullhead 13 24 24 0.213 21 37 11 
Luxilus chrysocephalus Striped Shiner 10 27 10 0.212 22 20 31 
Micropterus salmoides Largemouth Bass 12 25 20 0.211 23 32 17 
Notropis rafinesquei Yazoo Shiner 11 26 16 0.207 24 27 22 
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Etheostoma nigrum Johnny Darter 10 27 15 0.192 25 25 26 
Notropis atherinoides Emerald Shiner 10 27 15 0.192 25 25 26 
Fundulus notatus Blackstripe Topminnow 12 25 27 0.187 27 39 10 
Micropterus punctulatus Spotted Bass 9 28 18 0.163 28 27 22 
Aphredoderus sayanus Pirate Perch 9 28 21 0.155 29 30 18 
Etheostoma artesiae Redspot Darter 8 29 15 0.153 30 23 28 
Pimephales notatus Bluntnose Minnow 8 29 22 0.136 31 30 18 
Lepomis miniatus Redspotted Sunfish 5 32 5 0.119 32 10 43 
Noturus miurus Brindled Madtom 5 32 7 0.113 33 12 38 
Etheostoma proeliare Cypress Darter 5 32 8 0.111 34 13 36 
Gambusia affinis Western Mosquitofish 6 31 17 0.111 34 23 28 
Esox americanus Grass Pickerel 5 32 10 0.106 36 15 33 
Notemigonus crysoleucas Golden Shiner 4 33 7 0.091 37 11 40 
Etheostoma gracile Slough Darter 4 33 8 0.089 38 12 38 
Ictalurus punctatus Channel Catfish 4 33 9 0.087 39 13 36 
Minytrema melanops Spotted Sucker 3 34 2 0.077 40 5 50 
Lythrurus fumeus Ribbon Shiner 3 34 8 0.067 41 11 40 
Notropis volucellus Mimic Shiner 3 34 8 0.067 41 11 40 
Labidesthes sicculus Brook Silverside 3 34 11 0.062 43 14 34 
Cyprinus carpio Common Carp 2 35 0 0.054 44 2 59 
Percina maculata Blackside Darter 2 35 1 0.052 45 3 55 
Pylodictis olivaris Flathead Catfish 2 35 1 0.052 45 3 55 
Etheostoma histrio Harlequin Darter 2 35 2 0.051 47 4 54 
Aplodinotus grunniens Freshwater Drum 2 35 4 0.048 48 6 48 
Lepomis humilis Orangespotted Sunfish 2 35 4 0.048 48 6 48 
Etheostoma chlorosomum Bluntnose Darter 2 35 5 0.047 50 7 44 
Lepisosteus oculatus Spotted Gar 2 35 5 0.047 50 7 44 
Pimephales vigilax Bullhead Minnow 2 35 5 0.047 50 7 44 
Hybognathus hayi Cypress Minnow 1 36 0 0.027 53 1 64 
Noturus hildebrandi Least Madtom 1 36 1 0.026 54 2 59 
Ameiurus nebulosus Brown Bullhead 1 36 1 0.026 54 2 59 
Pomoxis nigromaculatus Black Crappie 1 36 2 0.025 56 3 55 
Elassoma zonatum Banded Pygmy Sunfish 1 36 2 0.025 56 3 55 
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Pomoxis annularis White Crappie 1 36 4 0.024 58 5 50 
Dorosoma cepedianum Gizzard Shad 1 36 4 0.024 58 5 50 
Opsopoeodus emiliae Pugnose Minnow 1 36 4 0.024 58 5 50 
Lepomis microlophus Redear Sunfish 0 37 7 0 61 7 44 
Lepisosteus osseus Longnose Gar 0 37 2 0 61 2 59 
Erimyzon succetta Lake Chubsucker 0 37 1 0 61 1 64 
Fundulus chrysotus Golden Topminnow 0 37 2 0 61 2 59 
Ictiobus bubalus Smallmouth Buffalo 0 37 1 0 61 1 64 
Centrarchus macropterus Flier 0 37 1 0 61 1 64 
Ictiobus cyprinellus Bigmouth Buffalo 0 37 1 0 61 1 64 
Noturus gyrinus Tadpole Madtom 0 37 1 0 61 1 64 
Amia calva Bowfin 0 37 1 0 61 1 64 
Percina shumardi River Darter 0 37 1 0 61 1 64 
Etheostoma stigmaeum Speckled Darter 0 37 1 0 61 1 64 
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traversing private land.  In contrast, sites in the Yocona and Otoucalofa units lack the benefit of 
being on government-owned lands.  In particular, Yazoo Darters appear to occur in only four 
tributaries of the Yocona R. and all four of these tributaries are in the direct path of continued 
urban expansion from the city of Oxford, MS.  The uppermost headwaters of two of these 
tributaries, Pumpkin and Yellow Leaf Creeks, are on National Forest land.  The other two 
tributaries, Taylor and Morris Creeks, flow completely through privately owned lands and have 
been impacted by development (KS pers. obs.) and are subject to deforestation and urban 
development.  Sites within the Otocalofa Creek unit face pressure from urbanization near the city 
of Water Valley, MS, and agriculture. 
 My quantitative habitat analyses clearly indicated Yazoo Darters consistently occupy 
small, shallow, headwater streams as observed by others (Johnston and Haag 1996, Suttkus et al. 
1994, Thompson and Muncy 1986).  However, as mentioned in results, single young-of-the-year 
juvenile Yazoo Darters were captured at each of two sites (6814 and 6819) in the Tallahatchie R. 
Canal in late summer.  These two individuals were possibly waifs from tributaries that were 
displaced downstream during a high flow event in a nearby tributary or were moving out of 
headwater streams to avoid adverse low-flow conditions of late summer.  Alternatively, these 
fish may evidence a generalized movement of juvenile darters from headwaters to larger 
tributaries.  If juvenile darters do commonly disperse across drainages at around six months of 
age, then I would expect the numerous other fish samples from mainstem reaches of the Tippah 
(and large channelized tributaries like Potts Creek), Tallahatchie, and Yocona rivers and 
Otoucalofa Creek to have detected them in numbers.  I doubt that the Tallahatchie R. Canal 
provides quality Yazoo Darter habitat, nor do I believe that these types of degraded habitat could 
support reproducing, permanent populations.  Two Yazoo Darters were sampled (Ross et al. 
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2001) from the mainstem of Otoucalofa Creek (site 4984) at the confluence with Sarter Creek. 
Because the sample was taken in May, I doubt that these individuals could have been juveniles.  
The watershed area above this site is only about 110 km
2
 and channelized portions of the stream 
appear on maps to be well downstream.  This site possibly could be considered normal habitat 
for Yazoo Darters.  Alternatively, these individuals may have come from Sarter Creek.  In any 
case, Yazoo Darters do at least occasionally venture into uncharacteristically large streams as 
evidenced by these unusual occurrences.  Another site (1129) farther upstream in the mainstem 
Otoucalofa is certainly typical Yazoo Darter habitat because at this site Otoucalofa Creek is a 
2nd order stream with a watershed area of about 9 km
2
.  Yazoo Darters were also present in 
seven samples from near the headwaters of Cypress Creek in the mainstem (sites 6865 and 
6867).  At these sites, Cypress Creek is a 2nd order stream with a watershed area of about 15.5 
km
2
 and also appears to be suitable Yazoo Darter habitat. 
 My measure of abundance did not yield any clear patterns within or among watershed 
units. Because variation was relatively high, it seems likely that repeated sampling over time 
would be needed to precisely estimate relative abundances among watersheds. 
 Male Yazoo Darters are significantly larger than females, a pattern consistent with other 
Ulocentra species (Boschung et al. 1992, Powers and Mayden 2003, Suttkus and Etnier 1991). 
However, mean size of male and female Yazoo Darters from the Yocona R. drainage is greater 
than mean size in the Tallahatchie R. drainage.  This may reflect genetic differences between 
populations in the respective rivers as revealed by MtDNA analysis (Powers and Warren 2009), 
but could also indicate disparity between the two drainages in factors such as food availability or 
survivorship.  However, I am unaware of differences in the two drainages (e.g. productivity,  
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predation) that would affect growth or survivorship.  The size disparity between populations in 
the two drainages deserves further investigation. 
 Sex ratios are skewed toward females in all watershed units analyzed.  This is consistent 
with more spatially and sample limited work for Yazoo Darters (Johnston and Haag 1996).  The 
pattern is typical of most other Ulocentra darters where the sex ratio is known (Carney and Burr 
1989, Khudamrongsawat and Kuhajda 2007, Page and Mayden 1981, Suttkus and Bailey 1993, 
but see Clayton 1984, Etheostoma baileyi).  I did not examine sex ratios by age class, but in one 
population sex ratios of Yazoo Darters at hatching were close to 1:1 (Johnston and Haag 1996), 
as in some other Ulocentra (Barton and Powers 2010, Carney and Burr 1989), and then, 
presumably, male-biased mortality by age one skews sex ratios.  Because skewed sex ratios can 
dramatically affect effective population sizes (Allendorf and Luikart 2007) further investigation 
of the driving mechanisms behind differential survival in the Yazoo Darter are warranted.   
 The low variation in my measures of stream order, watershed area, and current velocity 
indicate that Yazoo Darters are strictly constrained to smaller headwater streams, a conclusion 
supported by nearly all known records of Yazoo Darter samples as discussed previously. 
Because of this, headwater habitat preservation and restoration will be essential to help ensure 
persistence of the species.  Investigation of the mode and timing of dispersal between headwater 
streams is needed, as is identification of potential barriers to dispersal.  
 I did not find any relationships between Yazoo Darter abundance and measured habitat 
variables.  Possibly, I did not measure some variable of overriding importance such as water 
temperature or dissolved oxygen.  Another possibility is that the habitat requirements of Yazoo 
Darters represent thresholds.  In this case, once the habitat requirements of the species are met, 
relative abundance is not influenced by variation in habitat.  This may explain why I did not find 
23 
 
a strong correlation between abundance and indicators of stream incisement (bank height and 
bank stability).  Other factors such as the influence of groundwater and springs may be important 
(Suttkus et al. 1994) or my attempt to quantify habitat may have been at too large a spatial scale 
(120-300 m) because Yazoo Darters were not evenly distributed throughout a stream reach.  As a 
consequence, I may have been measuring variables in unsuitable habitat as well as suitable 
habitat within my study reaches.  Johnston and Haag (1996) concluded Yazoo Darters are habitat 
generalists, but their study focused on a single population and given their sample numbers, the 
habitat was likely of relatively high quality and not limiting.  Based on the patchy nature of its 
spatial distribution within and among watersheds and my field observations of streams and  
mesohabitats in which it does and does not occur, I feel the species is likely habitat limited at 
landscape and even meso- or microhabitat scales. 
 Interestingly, I did not find any strong species associates of Yazoo Darters.  Associates of 
Yazoo Darters with higher J-scores were typically headwater species, and species with lower J-
scores tended to be species associated with larger streams and lentic habitats.  Many species with 
higher J-scores were also among the most ubiquitous in the samples occurring at >75% of all 
sites sampled (e.g. Bluegill, Blackspoted Topminnow).  The most commonly associated potential 
predators were Bluegill, Semotilus atromaculatus Mitchill (Creek Chub), Green Sunfish, and 
Lepomis megalotis Rafinesque (Longear Sunfish) which had the 6
th
, 8
th
, 9
th
 and
 
10
th 
highest J-
scores, respectively.  Because Lepomis and Creek Chubs are usually found in deeper pools (Ross 
et al. 2001) and Yazoo Darters are usually found in shallower water (Table 1), predation by 
Lepomis and Creek Chubs is likely minimal but may be important if Yazoo Darters disperse 
between mesohabitats.  Notably 62 of 72 species occurred at one or more sites with Yazoo 
Darters, emphasizing the high fish diversity present in the small streams with Yazoo Darters. 
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II. HABITAT FRAGMENTATION AND POPULATION ISOLATION IN A RANGE-
RESTRICTED ENDEMIC FISH, THE YAZOO DARTER (ETHEOSTOMA RANEYI) 
 
Abstract  
 The effects of habitat fragmentation on natural populations are wide-ranging and have 
been a focus of research in conservation biology.  The use of genetic techniques to determine if 
populations are genetically structured due to habitat fragmentation has become increasingly 
popular and such methods have proved to be effective.  However, in today's highly fragmented 
habitats, workers have sometimes used gentic techniques and concluded that populations are 
currently gentically isolated due to habitat fragmentation without testing the possibility that 
populations always were genetically isolated.  Etheostoma raneyi is a range-restricted headwater 
fish.  Habitat within its range has been extensively modified, mainly due to flood-control projects 
and it is possible that individuals within headwater streams have become genetically isolated 
from one another because of habitat modification in larger streams connecting headwater 
tributaries.  I used microsatellite markers to quantify genetic structure and gene flow across the 
range of the species.  Results indicate that genetically distinct populations exist in each 
headwater stream examined, all populations are currently isolated relative to historic estimates of 
gene flow, most genetic variation is partitioned among populations, and populations in the 
Yocona River drainage show lower levels of genetic variation relative to populations in the 
Tallahatchie River drainage and other Ethesotoma species.  Further research is needed to inform 
mangement conservation plans, but human mediated dispersal should be explored as an option. 
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Introduction 
 For freshwater stream fishes in the southeastern United States, habitat destruction and 
fragmentation have lead to the genetic isolation of populations in numerous species (Jelks et al. 
2008) and is a leading conservation concern (Warren et al. 2000, Kuhajda et al. 2008). 
Predictably, reductions in habitat quality, small population size, and lack of gene flow have led 
to declines and extirpations of populations (Reed 2008).  The Yazoo Darter (Etheostoma raneyi) 
is endemic to the Yocona River (Yocona R. hereafter) and Little Tallahatchie River (Tallahatchie 
R. hereafter) drainages of the upper Yazoo River basin in north-central Mississippi (Thompson 
and Muncy 1986, Suttkus et al. 1994, Johnston and Haag 1996) (Fig. 1, Appendix).  This 
restricted range combined with habitat degradation and fragmentation within that range, puts the 
Yazoo Darter at risk of extinction.  The species is classified as vulnerable by the Southeastern 
Fishes Council (Warren et al. 2000) and American Fisheries Society (Jelks et al. 2008), and as 
globally imperiled by the Nature Conservancy (NatureServe 2011).  
 The range of the Yazoo Darter lies within the Northern Hilly Gulf Coastal Plain 
Ecoregion of north-central Mississippi which consists of low rolling hills 80-180 m in elevation 
(Chapmanet al. 2004).  The region has experienced significant anthropogenic habitat alteration, 
coinciding with European settlement, over about the past 150-180 years.  During this period, 
forests in north-central Mississippi were removed and land converted to agricultural use which 
led to widespread and dramatic erosion, filling stream valleys with sediment and exacerbating 
flooding problems (Cooper and Knight 1991, Shields et al. 1994).  Localized efforts to prevent 
flooding and to reclaim valley lands by straightening and channelizing streams met with little 
success (Shields et al. 1994).  The so-called Great Flood of 1927 affected seven states including 
Mississippi and prompted the federal government to action.  Within the range of the Yazoo 
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Darter, large (~40,400 ha.) flood control impoundments were constructed on each of the two 
major drainages, the Yocona R. and Tallahatchie R., extensive stream reaches were straightened 
and channelized, and hundreds of small impoundments were built in headwater streams.  This 
altered stream gradients which resulted in stream incisement and headcutting in nearly all 
headwater streams (Shields et al. 1998).  Channelized and incised streams tend to be shallow, 
sandy, homogeneous, turbid and unstable with flashy flows (Shields et al. 1994, 1998; Simon 
and Darby 1997, Adams et al. 2004).   
 Yazoo Darters are small (<65mm SL), benthic insectivores living to about three years, 
though most individuals do not survive their first year (Johnston and Haag 1996).  Spawning 
season is dependent on water temperatures, usually commencing in early March and ending 
about the middle of May (Suttkus et al. 1994, Johnston and Haag 1996).  They are restricted to 
perennial, small, headwater streams which are often spring-fed (Thompson and Muncy 1986, 
Suttkus et al. 1994).   
 Genetic methods are an effective way to assess the impact of habitat fragmentation on 
dispersal and resultant population structure in fishes (Powers et al. 2004, George et al. 2008, 
Skalski et al. 2008).  However, most studies of southeastern stream fishes to date have not 
compared observed patterns of genetic structure with historic estimates of dispersal (but, see 
Fluker et al. 2010).  In highly fragmented stream systems, this may lead workers to conclude that 
contemporary population structure is a result of habitat fragmentation without testing the 
possibility that populations were always fragmented (Chiucchi and Gibbs 2010, Reed et al. 
2011), which is a distinct possibility in headwater stream fishes (Turner and Trexler 1998, 
Turner and Robison 2006).  My goal here is to quantify contemporary population genetic  
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structure in the Yazoo Darter and contrast  my results with historic and contemporary estimates 
of dispersal between populations. 
 
Methods 
Sample collection and site locations 
 I collected tissue samples by taking small fin clips from 212 individual Yazoo Darters at 
17 sites (Table 6, Fig. 5).  With the exception of voucher specimens from streams where they had 
not been sampled before, individuals were released alive and tissue samples were immediately 
stored in 95% ethanol.  I captured fish using single-pass backpack electrofishing, seines, and dip 
nets.  I collected darters above and below two small impoundments (Chewalla and Puskus lakes) 
and in tributaries separated by channelized stream reaches which I hypothesized were barriers to 
dispersal.  I also collected samples across the range of the species including all major stream 
systems.  Within the Yocona R. drainage I collected samples from two sites in the Yocona R. 
watershed and four sites within the Otoucalofa Creek watershed.  Within the Tallahatchie R. 
drainage I collected samples from one site in the Big Spring Creek watershed, four sites within 
the Tippah River watershed and five sites within the Cypress Creek watershed.  This allowed me 
to characterize population structure within and between watersheds of each river drainage. 
 
Microsatellite amplification and allele scoring 
 I extracted DNA using standard phenol-chloroform methods (Taggert et al. 1992).  I 
amplified target sequences by PCR using 10 microsatellite primers developed for other species 
of Etheostoma, Esc 26b, Esc 18, Esc 187 (Gabel et al. 2008); Etsp 224, Etsp 227, Etsp 208, Etsp 
219 (Hudman et al. 2008); Eche 010 (Khudamrongsawat 2007); EosD 116, and EosD 108 
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(Switzer et al. 2007).  PCR reaction volume (11.5 µl) contained 10x reaction buffer (Genesee 
Scientific San Diego, CA), 50 mM MgCl
2
 (Genesee Scientific San Diego, CA), 160 µM each 
dNTP, 1µM each primer, and 1 U Taq polymerase (Apex Taq, Genesee Scientific San Diego, 
CA).  The PCR cycle was 94°C/1 min followed by 20 cycles of: 94°C/30 sec, 60°C/25 sec 
decreasing every cycle by 0.3C°, 72°C/40 sec; then 8 cycles of: 94°C/30 sec, 56°C/25 sec, 
72°C/40 sec and a final extension of 72°C/30 min.  PCR product was genotyped on an ABI 3730 
sequencer (Applied Biosystems) and fragment sizes scored using Peak Scanner software 
(Applied Biosystems).  All scores were manually checked.  All homozygous individuals and 
subsets of heterozygous individuals for each locus were amplified and scored at least twice to 
check for consistency.   
 
Population differentiation and genetic analysis 
 I used the program Geneland ver. 3.2.4 (Guillot et al. 2005, Guillot and Santos 2009) to 
determine the number (K) of genetically distinct population clusters and their membership for 
further analyses.  Because I expected population structure to be largely due to recent habitat 
alteration of landscape features such as channelized stream reaches, I chose the spatial and 
correlated model options as suggested by Guillot and Santos (2009).  The correlated model in 
Geneland uses a Bayesian clustering algorithm and spatial data (georeferenced coordinates) to 
assign individuals probabilistically to clusters or populations without a priori knowledge of 
population units accounting for null alleles and isolation by distance.  The model assumes 
populations are in Hardy-Weinberg equilibrium, loci are not linked, and genotypes are spatially 
correlated.  Computations are carried out through the Markov Chain Monte Carlo (MCMC) 
method.  I used ten independent runs of the program allowing K to vary from one to seventeen  
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Table 6.  Site numbers corresponding to Figure 1, population assignment, sample size, watershed unit, stream and location of each 
Yazoo darter tissue sample site used for DNA analysis.   
 
Site # Population n Watershed unit Stream Latitude Longitude 
 
1 1 13 Tippah River Yellow Rabbit Creek 34.819 89.105 
2 2 21 Tippah River South Chili Creek 34.682 89.172 
3 3 11 Tippah River Tippah River Tributary 34.708 89.255 
4 4 9 Tippah River Chewalla Creek Tributary upstream of dam 34.76 89.332 
5 4 6 Tippah River Chewalla Creek Tributary downstream of dam 34.725 89.305 
6 5 22 Tallahatchie R. Big Spring Creek Tributary 34.663 89.412 
7 6 5 Cypress Creek Puskus Creek upstream of dam 34.395 89.372 
8 6 11 Cypress Creek Puskus Creek upstream of dam 34.428 89.394 
9 6 10 Cypress Creek Puskus Creek upstream of dam 34.431 89.375 
10 7 21 Cypress Creek Puskus Creek downstream of dam 34.445 89.336 
11 8 19 Cypress Creek Cypress Creek 34.393 89.286 
12 9 12 Yocona R. Taylor Creek Tributary 34.123 89.641 
13 10 11 Yocona R. Morris Creek 34.282 89.543 
14 11 7 Otoucalofa Creek Johnson Creek 34.123 89.641 
15 11 13 Otoucalofa Creek Otoucalofa Creek Tributary 34.125 89.61 
16 11 5 Otoucalofa Creek Gordon Branch 34.14 89.549 
17 11 16 Otoucalofa Creek Mill Creek 34.166 89.52 
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Figure 5. Map of watersheds within the range of the Yazoo Darter showing all known sites with 
Yazoo darters (small circles) and fin-clip sample sites (large circles) for DNA analysis.  Blue 
circles show Watershed Units: A = Tippah R. Watershed Unit, B = Tallahatchie R. Watershed 
Unit, C = Cypress Creek Watershed Unit, D = Yocona R. Watershed Unit, E = Otoucalofa Creek 
Watershed Unit. 
 
clusters and 10
6
 MCMC iterations to check for consistent convergence on a solution.  I used the 
modal value of these runs to infer the number of clusters.  I tested the resulting populations for  
 
A 
B 
C 
D 
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significant differentiation (genic and pairwise Fst), gametic equilibrium, and departure from 
Hardy-Weinberg equilibrium as described later in this section. 
 I also used Structure ver. 2.3.3 (Pritchard et al. 2000), another clustering program, to 
check for consistency with Geneland results.  I used 300,000 replicates and 30,000 burn-in 
cycles for six independent runs varying the number of populations from K = 1 through 13.  I 
chose the admixture model which allows individuals in a given population to have mixed 
ancestry.  I also used the “Locprior” (Hubisz et al. 2009) option which uses a priori sampling 
location data, in this case latitude and longitude.  I used the correlated allele frequency option 
(Falush et al. 2003) which, similar to Geneland, assumes that allele frequencies are correlated 
among populations due to dispersal or shared ancestry.  I allowed the rate of drift (Fk) to assume 
a different value for each population.  I estimated K using the ad hoc summary statistic ΔK 
(Evanno et al. 2005). 
I grouped all individuals into eleven populations as determined by Geneland for the 
following analyses.  I used FSTAT ver. 2.9.3.2 (Goudet 2001) to test for Hardy-Weinberg 
equilibrium within populations using the heterozygote excess method (15,000 permutations), to 
estimate Fis per population and locus, to calculate unbiased gene diversity (Hs) (Nei 1987) and to 
calculate allelic richness per population (Ar).  I used Genepop (Raymond and Rousset 1995, 
Rousset 2008) to estimate frequency of null alleles per locus and to test for gametic 
disequilibrium and population (genic) differentiation.  I used Arlequin ver. 3.5.1.2 (Excoffier et 
al. 2005) to calculate observed heterozygosity (Ho), expected heterozygosity (He), pairwise Fst 
between populations and to test for significance of Fst estimates.  I used the permutation test in 
FSTAT (15,000 permutations) to test differences in Ar, Ho, and Hs between the Yocona R. and 
Tallahatchie R. drainages.  I used a modified False Discovery Rate (FDR) (Benjamini and 
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Yekutieli 2001) correction for multiple tests (Narum 2006).  To test for isolation by distance, I 
used a Mantel test (Mantel 1967, Bohonak 2002) of linearized Fst versus geographic distance as 
implemented in the program IBD (Jensen et al. 2005).  I log transformed Fst and geographic 
distance values, testing for isolation by distance across all populations, and across all populations 
within the Yocona River drainage and the Tallahatchie R. drainage, respectively.  
 To further investigate population structure, I used analysis of molecular variance 
(AMOVA) as implemented in Arlequin (Excoffier et al. 1992).  This method performs a standard 
analysis of variance (ANOVA) where the total variance is partitioned in covariance components 
due to variation among individuals, among populations, and among groups of populations.  
Fixation indices are calculated with the covariance components among groups of populations 
(Fct), among populations within groups (Fsc), and among individuals within populations (Fis). 
Significance levels were obtained with 30,000 permutations.  I used a hierarchical design (Fig. 5) 
to group populations as defined by Geneland. To examine structure between the two major river 
drainages, I grouped populations within the Yocona R. and Tallahatchie R. drainages.  To 
examine structure between watersheds within the Yocona R. drainage, I grouped the Yocona R. 
watershed populations and compared them to the population in the Otoucalofa Creek watershed.  
Within the Tallahatchie R. drainage I grouped populations within the Cypress Creek watershed, 
the Tippah River watershed, and the Big Spring Creek watershed.  To examine structure within a 
watershed I compared the four populations within the Tippah River watershed. 
 
Estimating contemporary and historical gene flow 
I used Migrate ver. 3.2.1 (Beerli and Felsenstein 1999) to estimate historical levels of 
migration and BayesAss ver. 1.3 (Wilson and Rannala 2003) to estimate contemporary levels of 
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migration.  Migrate uses a coalescent approach to estimate mutation scaled migration rates (M) 
for each population analyzed over about the last 4Ne generations (Beerli 2010), a period of time I 
estimate to range from between 100-500 years depending on generation time (1.0-1.5 
years/generation).  Computations are carried out through the MCMC method.  The major 
assumptions of the model are that all populations exchanging genes have been sampled, 
population sizes and migrations rates have not changed over time, mating is random, loci are 
neutral, and recombination occurs at low to moderate levels.  I used the maximum likelihood 
option, the Brownian motion mutation model, and the matrix migration model.  I ran fifteen short 
chains, sampling every 100 generations until 500 genealogies were recorded from 50,000 
genealogies sampled after a burn-in of 30,000, and then I ran four long chains sampling every 
400 generations until 20,000 genealogies were recorded from 8 x 10
6
 genealogies sampled after a 
burn-in of 30,000.  I also used the “summarize over all chains” option because this is 
recommended for difficult data sets (Beerli 2010).  This option combines the results of long 
chains to estimate parameters.  I performed three independent runs to ensure that the program 
was producing consistent parameter estimates. 
BayesAss is another Bayesian inference MCMC program which estimates asymmetric 
migration over the last two to three generations (Wilson and Rannala 2003) or about three to five 
years using one to one and a half years per generation for Yazoo darters (Johnston and Haag 
1996).  Unlike Migrate, deviations from Hardy-Weinberg expectations do not violate the 
assumptions of the model.  I ran the program for 3 x 10
7
 iterations, sampling every 2000 
iterations, with a burn-in of 3 x 10
6
 iterations.  I set Delta, a parameter that defines the maximum 
value a parameter can change in each iteration, to 0.1, 0.2 and 0.1 for allele frequency, migration 
rate, and inbreeding respectively.  I performed ten independent runs, each with a different initial 
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seed value, and then used a Bayesian deviance measure which determined the run that best fit my 
data (Spiegelhalter 2002).  Using the initial seed value from the best run, I increased the number 
of iterations to 9 x 10
7
 for a final run with a burn-in of 1 x 10
7
 (Chiucchi and Gibbs 2010).  I 
report results from this final run.  In addition, I also used mean ancestry values (q) from my six 
independent Structure simulations where K= 11 to identify migrants (Estes-Zumpf et al. 2010).  
Individuals were considered migrants if they had >70% ancestry from a population other than 
that from which they were sampled. 
I performed separate analyses in Migrate and BayesAss for the Yocona R. and the 
Tallahatchie R. populations based on results from Powers and Warren (2010) indicating that 
these populations are genetically isolated with respect to one another.  Because I was interested 
in dispersal across watersheds within river drainages and across tributaries within watersheds, 
and to reduce the number of pairwise comparisons, I grouped populations as described for my 
AMOVA tests.  Individuals sampled upstream of Puskus Lake and Chewalla Lake were not 
included in these groups because they are currently isolated from other individuals downstream 
which are included in the analysis.  
 
Results 
Cluster analyses 
 Each independent Geneland run grouped my 212 individuals into eleven clusters of 
identical composition (Fig. 6, Table 6).  Within the Yocona R. drainage, the four sites in 
different tributaries of Otoucalofa Creek were grouped together. However, the two sites in 
neighboring tributaries of the Yocona R. are genetically distinct though they are only about five 
km apart.  Within the Tallahatchie R. drainage, the three sites upstream of Puskus Lake in 
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Puskus Creek and two of its tributaries were grouped together and were distinct from the single 
site downstream of Puskus Lake.  Within Chewalla Creek, the sites upstream and downstream of 
Chewalla Lake were not distinct, forming a single cluster.  All four sampling sites within the 
Tippah River watershed contain distinct genetic clusters, with posterior probabilities of 
population membership assigning all individuals within a sampling site to the same cluster.     
Post hoc analysis of Structure output (Evanno et al. 2005) supported seven rather than 
eleven distinct clusters.  This clustering was consistent with Geneland results in that the 
additional clusters found in Geneland were the result of subdivision of those recovered by  
Structure.  For the Structure runs where K= 11, cluster assignment of individuals was identical to 
Geneland results.  
 
Genetic diversity and population structure 
Null alleles were estimated to be <0.05% for any given locus.  Two pairs of loci out of 45 
pairs tested (adjusted α = 0.0114) were significantly out of gametic equilibrium overall before 
and after correcting for multiple tests (Etsp 219 and Etsp 224, p ≤ 0.0001; Esc 26b and Esc 187, 
p ≤ 0.0001).  However, tests of linkage disequilibrium within each population show that, after 
correction for multiple tests within each population, only Etsp 219 and Etsp 224 remained 
significant and only for the Otoucalofa Creek population.  Based on these results I assume that 
all loci are unlinked.  My tests for heterozygosity excess show that five populations were 
significantly out of Hardy-Weinberg equilibrium after correction for multiple tests (adjusted α =  
0.016; Morris, p ≤ 0.0005; Big Spring, p ≤ 0.002; Chewalla, p ≤ 0.003; Tippah River tributary, p 
≤ 0.001; and Cypress, p ≤ 0.0005) and three others (Yellow Rabbit, p ≤ 0.08; Chili, p ≤ 0.07; and 
Puskus below Puskus Lake, p≤ 0.02) are marginally significant.  Fis scores for all loci but one 
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Figure 6. Results of Geneland cluster analysis.  Numbers are sample site numbers (Table 
6) and blue circles show genetically distinct clusters (populations):  A = Yellow Rabbit Creek, B 
= Chili Creek, C = Tippah R. Tributary, D = Chewalla Creek, E = Big Spring Creek, F = Puskus 
Creek upstream of Puskus Lake, G = Puskus Creek downstream of Puskus Lake, H = Cypress 
Creek, I = Morris Creek, J = Taylor Creek, K = Otoucalofa Creek.  
  
were negative and ranged from -0.27 to 0.016.  Fis scores for all populations were negative and 
ranged from -0.326 to -0.013.  The number of alleles per locus ranged from six to 51. Allelic 
richness (p ≤ 0.007), observed heterozygosity (p ≤ 0.007), and unbiased gene diversity (p ≤ 
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0.006) were all significantly higher in the Tallahatchie R. drainage than in the Yocona R. 
drainage.  Likewise, estimates of mean allelic richness of four other species of Etheostoma 
(Edberg 2009, Fluker et al. 2010) are higher than in Yazoo Darters (Table 7), though confidence 
intervals overlap with those of Yazoo Darters from the Tallahatchie R. drainage, but not the 
Yocona R. drainage.  Mean observed and expected heterozygosity of nine other species of 
Etheostoma (Tonnis 2006, Beneteau et al. 2007, Khudamrongsawat 2007, Switzer et al. 2007, 
Gabel et al. 2008, Hudman et al. 2008, Haponski et al. 2009, Fluker et al. 2010) indicate that 
observed heterozygosity is higher than in the Yocona R. drainage and lower than in the 
Tallahatchie R. drainage, but confidence intervals overlap in all cases.  Expected heterozygosity 
is higher than in the Yocona R. drainage, roughly the same as in the Tallahatchie R. drainage and 
confidence intervals overlap in all cases (Table 7). 
 Pairwise Fst values ranged from 0.034 to 0.123 within the Tallahatchie R. drainage, from 
0.17 to 0.21 within the Yocona R. drainage and from 0.17 to 0.29 between the Yocona R. and 
Tallahatchie R. drainages (Table 8).  All pairwise Fst values were significant (adjusted α = 
0.0109, p ≤ 0.0001) and population differentiation was significant (adjusted α = 0.0109, X2 = ∞, 
p ≤ 0.0001) for all pairs.  The test of isolation by distance was significant over all populations (r 
= 0.86, p = 0.0002) (Fig. 7), within the Yocona R. drainage (r = 0.89, p < 0.0001), and the 
Tallahatchie R. drainage (r = 0.50, p = 0.015).  When comparing genetic variation (AMOVA, 
Table 9) most of the genetic variation occurs between the Yocona R. and Tallahatchie R. 
populations, but a significant amount of variation also occurs among populations within each  
drainage.  No variation occurs among individuals within populations.  Comparisons among 
groups of populations within watersheds within each drainage show that most of the significant 
genetic variation is among populations within watersheds and that lower (insignificant) amounts  
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Table 7. Mean (± 95% C.I.) allelic richness (Ar), gene diversity (Hs), observed heterozygosity 
(Ho), and expected heterozygosity (He) for Yazoo Darters in the Yocona R. and Tallahatchie R. 
drainages with a comparison of mean (± 95% C.I.) Ar, Ho, and He of other species of Etheostoma 
darters.  
 
Yocona R. drainage Ar Hs Ho He 
Mean 4.66 0.585 0.676 0.608 
± 95% C.I. 0.92 0.1 0.1 0.09 
N 30 30 29 29 
     Tallahatchie R. drainage 
    Mean 6.89 0.745 0.822 0.766 
± 95% C.I. 0.59 0.05 0.05 0.05 
N 80 80 78 78 
     Etheostoma 
    Mean 7.63 − 0.735 0.779 
± 95% C.I. 0.85 − 0.1 0.08 
N 34 − 96 96 
 
of among-watershed variation occur in the Tallahatchie R. drainage but marginally significant 
amounts of among-watershed variation exist in the Yocona R. drainage.  There is no significant 
variation among individuals within populations of any watershed.  Comparisons among 
populations within the Tippah River watershed show, again, a significant amount of genetic 
variation among populations, but no significant variation among individuals within populations. 
 
Contemporary and historical migration 
Migration estimates indicate dispersal occurred historically among watersheds in each 
major drainage.  Historical dispersal is indicated among the Tippah River, Cypress Creek and  
Big Spring Creek watersheds within the Tallahatchie R. drainage (Migrate, Table 10) and  
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Figure 7. Plot of Mantel test for isolation by distance across all populations in both major river 
drainages (r = 0.86, p = 0.0002). 
 
between all populations across watersheds in the Yocona R. drainage (Table 11).  All poulations 
within the Tippah River watershed (Table 12) also show evidence of past connectivity.     
In contrast to historical migration estimates, contemporary estimates (BayesAss) indicate 
significantly less dispersal among watershed units within the Tallahatchie R. drainage (t = 7.18, 
df = 5, p < 0.0004 ) (Table 13), the Yocona R. drainage (t = 3.63, df = 5, p < 0.008) (Table 14), 
and among sites within the Tippah River watershed unit (t = 5.49, df = 11, p < 0.0001) (Table 
15).  Ancestry analysis (from Structure data) did not reveal any migrant individuals in any 
population in any watershed. 
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Table 8. Pairwise Fst scores below diagonal, pairwise geographic distances (km) above diagonal, the key for abbreviations along the 
X-axis are on the Y-axis except: Cr. = creek, P. = Puskus. 
 
 
Otouc. Morris Taylor 
Big 
Spg. Chew. 
Yellow 
R. 
Tip. 
Trib. Chili Cypress 
P. Cr. 
D.S. D. 
P.Cr. 
U.S. D. 
            
Otoucalofa Cr. 0 34.12 33.75 158.3 171.2 195.1 174.1 182.4 172 171.75 176.05 
Morris Cr. 0.219 0 11.9 166.65 179.9 203.3 182.06 191.05 180.9 180.15 184.5 
Taylor Cr. 0.199 0.17 0 166.1 179.34 202 181.6 190.8 180.25 179.75 184.05 
Big Spring Cr. 0.28 0.267 0.225 0 46.7 68.3 48.2 57 46.4 45.6 50.1 
Chewalla Cr. 0.248 0.229 0.172 0.104 0 39 19.3 28.9 53.1 52 56.75 
Yellow Rabbit Cr. 0.24 0.201 0.165 0.091 0.04 0 20.9 25.5 74.3 74 78.5 
Tippah R. 
Tributary 0.254 0.228 0.187 0.102 0.063 0.034 0 10.2 54.3 53.7 58.25 
Chili Cr. 0.287 0.276 0.221 0.063 0.086 0.08 0.109 0 63.8 63.5 68 
Cypress Cr. 0.293 0.285 0.262 0.103 0.095 0.097 0.124 0.114 0 9.5 13.8 
P. Cr. downstream 
of dam 0.271 0.26 0.211 0.069 0.079 0.078 0.085 0.07 0.051 0 4.3 
P. Cr. upstream of 
dam 0.281 0.265 0.223 0.094 0.01 0.083 0.117 0.088 0.064 0.047 0 
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Table 9. Analysis of molecular variance (AMOVA) between groups of populations from the Yocona R. and Tallahatchie R. drainages, 
between groups of populations from watersheds within each drainage, and between populations within the Tippah River watershed. 
 
Source of variance d.f. Sum of Squares 
Variance 
component Variance (%) Fixation index (p) 
      AMOVA between the Yocona River drainage and L.T.R. drainage 
   
      Among drainages 1 126.873        0.5883 Va 13.68 Fct (0.007) 
Among populations within 
drainages 8 145.014        0.4166 Vb 9.69 Fsc (<0.0001) 
Within populations 186 550.182       -0.3373 Vc -7.84 Fis (1.0) 
      AMOVA between the Yocona River and Otoucalofa Creek watersheds 
  
      Among watersheds 1        37.577        0.16401 Va 4.69 Fct (0.33) 
Among populations within 
watersheds 1        15.684        0.57468 Vb 16.42 Fsc (<0.0001) 
Within populations 61        151.966        -0.27000 Vc -7.71 Fis (1.0) 
      AMOVA between the Tippah River, Big Spring Creek, and Cypress Creek watersheds 
  
      Among watersheds 2     48.22      0.12568 Va 3.2 Fct (0.013) 
Among populations within 
watersheds 5       57.085      0.24024 Vb 6.12 Fsc (<0.0001) 
Within populations 137      438.985     -0.35476 Vc -9.04 Fis (1.0) 
      AMOVA between tributaries within the Tippah River watershed 
   
      Among populations within 
tributaries 3      35.958     0.29906 Va 7.84 Fst (<0.0001) 
Within populations 56      179.225      -0.31644 Vb -8.29 Fis (0.99) 
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Table 10. Mean (± 95% C.I.) historic migration rate (migrants per generation, Nm) estimates from MIGRATE across watersheds in 
the Tallahatchie R. drainage. 
 
Migration Into Big Spring Creek (1) Tippah River (2) Cypress Creek (3) 
         
 
From 2 From 3 
 
From 1 From 3 
 
From 1 From 2 
Mean 1.86 1.34 
 
2.28 2.16 
 
1.25 1.32 
Lower 95% C.I. 1.56 1.1 
 
1.95 1.86 
 
1.02 1.04 
Upper 95% C.I. 2.23 1.62 
 
2.71 2.51 
 
1.51 1.58 
 
Table 11. Mean (± 95% C.I.) historic migration rate (migrants per generation, Nm) estimates from MIGRATE across watersheds 
within the Yocona R. drainage. 
 
Migration Into Otoucalofa Creek (1) Morris Creek (2) Taylor Creek (3) 
         
 
From 2 From 3 
 
From 1 From 3 
 
From 1 From 2 
Mean 1.62 1.92 
 
1.36 1.76 
 
3.16 4.07 
Lower 95% C.I. 1.32 1.69 
 
1.16 1.52 
 
2.64 3.44 
Upper 95% C.I. 1.85 2.18 
 
1.59 2.04 
 
3.77 4.83 
 
Table 12. Mean (± 95% C.I.) historic migration rate (migrants per generation, Nm) estimates from MIGRATE across tributaries within 
the Tippah River watershed. 
 
Migration Into Chili Creek (1) 
 
Chewalla Creek (2) 
 
Yellow Rabbit Creek (3) Tippah R. Tributary (4) 
                
 
From 
2 
From 
3 
From 
4 
 
From 
1 
From 
3 
From 
4 
 
From  
1 
From  
2 
From  
4 
 
From 
1 
From 
2 
From 
3 
Mean 0.62 0.73 0.37 
 
1.82 3.47 3.37 
 
2.71 2.99 2.7 
 
1.14 1.81 1.56 
Lower 95% 
C.I. 0.46 0.58 0.28 
 
1.27 2.81 2.63 
 
2.11 2.26 2.08 
 
0.9 1.48 1.26 
Upper 95% 
C.I. 0.77 0.9 0.47 
 
2.34 4.33 4.21 
 
3.41 3.74 3.42 
 
1.44 2.21 1.92 
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Table 13. Mean (± 95% C.I.) contemporary migration rate (migrants per generation, Nm) estimates from BayesAss across watersheds 
in the Tallahatchie R. drainage. 
 
Migration Into  Big Spring (1) 
 
 Tippah River (2)  Cypress Creek (3) 
         
 
From 2 From 3 
 
From 1 From 3 
 
From 1 From 2 
Mean 0.55 0.32 
 
0.83 0.42 
 
0.44 0.62 
Lower 95% C.I. 0.004 0.004 
 
0.008 0.006 
 
0.005 0.005 
Upper 95% C.I. 2.7 1.65 
 
3.64 1.87 
 
1.94 2.83 
 
Table 14. Mean (± 95% C.I.) contemporary migration rate (migrants per generation, Nm) estimates from BayesAss across watersheds 
within the Yocona R. drainage.    
 
Migration Into  Otoucalofa Creek (1)  Morris Creek (2)  Taylor Creek (3) 
         
 
From 2 From 3 
 
From 1 From 3 
 
From 1 From 2 
Mean 0.66 1.44 
 
0.017 0.16 
 
0.273 0.33 
Lower 95% C.I. 0.01 0.105 
 
0.0012 0.0012 
 
0.002 0.002 
Upper 95% C.I. 2.75 4.59 
 
0.71 0.67 
 
1.21 1.56 
 
Table 15. Mean (±95% C.I.) contemporary migration rate (migrants per generation, Nm) estimates from BayesAss across tributaries 
within the Tippah River watershed. 
 
Migration Into Chili Creek (1) 
 
Chewalla Creek (2) 
 
Yellow Rabbit Creek (3) Tippah R. Tributary (4) 
                
 
From 
2 
From 
3 
From 
4 
 
From 
1 
From 
3 
From 
4 
 
From  
1 
From  
2 
From  
4 
 
From 
1 
From 
2 
From 
3 
Mean 0.18 0.15 0.15 
 
1.42 0.82 0.82 
 
0.65 0.63 0.67 
 
0.22 0.27 0.22 
Lower 95% 
C.I. <0.01 <0.01 <0.01 
 
<0.01 <0.01 <0.01 
 
<0.01 <0.01 <0.01 
 
<0.01 <0.01 <0.01 
Upper 95% 
C.I. 0.99 0.84 0.84 
 
5.72 5.11 4.97 
 
2.45 3.26 2.9 
 
1.03 1.46 1.13 
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Discussion 
 My study has four primary conclusions.  First, although overall patterns of population 
structure are similar between the two major river drainages inhabited by the Yazoo Darter, the 
Yocona R. populations show significantly less genetic diversity and a higher degree of 
population structure. Second, populations within the major drainages are highly structured with 
almost all genetic variation partitioned among populations and not among watersheds.  Third, 
relative to historical dispersal, contemporary dispersal declined severely among headwater 
streams in both major river drainages, likely the result of habitat loss and alteration.  Fourth, 
roughly half of the populations analyzed showed significant excess heterozygosity relative to 
Hardy-Weinberg expectations which may indicate recent severe declines in population sizes. 
 
Cluster analyses 
 Geneland estimated at least eleven distinct populations in my study area.  This is 
corroborated by significant differences in Fst values between populations, significant population 
differentiation tests and the results of our AMOVA analyses which found significant genetic 
variation between populations.  Geneland results show that sample sites in tributaries separated 
by larger, straightened, channelized stream reaches such as the four sites in the Tippah River 
watershed (~970 km
2
) and the two sites in the Yocona R. watershed (~763 km
2
) were genetically 
isolated, but sample sites separated by smaller, relatively unaltered stream reaches were grouped 
together such as the three sites in the Puskus Creek watershed above Puskus Lake (~32 km
2
) and 
the four sites in the Otoucalofa Creek watershed (~251 km
2
).  Although sample sites upstream 
and downstream of Puskus Lake were separated, those upstream and downstream of Chewalla 
Lake were not, perhaps as a result of small sample sizes.  An important point, however, is that 
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Geneland clustering appears to have been powerful enough to detect recently isolated 
populations, because Puskus Lake was only impounded in the 1960‟s (~30 generations).        
 
Genetic diversity and population structure 
 Our finding that populations in the Yocona R. drainage have less genetic diversity and a 
higher degree of structuring relative to the Tallahatchie R. drainage is important.  Previous work 
(Powers and Warren 2009) found that Yazoo Darters in the two drainages are reciprocally 
monophyletic and that they were likely separated by vicariant events in the distant past rather 
than after European settlement.  Differences between the two drainages are likely the result of 
genetic isolation followed by random genetic drift, and potentially differential selection, for 
thousands of generations following isolation.  
 Differences in the amount of genetic diversity present in the populations endemic to each 
drainage can be explained by the amount of suitable habitat available to darters in the two 
different drainages.  Currently, the Yazoo Darter is known to occur in only four small tributaries 
of the Yocona R. and in Otoucalofa Creek within the Yocona R. drainage.  It has been noted by 
workers in the past that the Yazoo Darter appears to be limited to groundwater dependent 
perennial streams (Thompson and Muncy 1986, Suttkus et al. 1994) and this type of habitat 
appears to be relatively less common in the smaller (~1,014 km
2
) Yocona R. drainage than in the 
larger (~2,755 km
2
) Tallahatchie R. drainage.  This may have limited the number of genetically 
distinct demes and effective population sizes relative to the Tallahatchie R.  My measures of 
allelic richness and heterozygosity from the Yocona R. drainage are similar to estimates obtained 
for a spring endemic species of darter, Etheostoma nuchale (Fluker et al. 2010) with few 
populations and small effective population sizes. 
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 Another, not mutually exclusive, possibility is that the Yocona R. drainage has 
experienced more anthropogenic disturbance compared to the Tallahatchie R. drainage.  Many 
populations in the Tallahatchie R. drainage are on land managed by state and federal agencies 
which may have protected them from disturbance over about the last 70 years.  In contrast, there 
is little to no protection of streams in the Yocona R. drainage where agriculture is more 
widespread and the cities of Water Valley and Oxford continue to expand.  Increased disturbance 
may have contributed to smaller effective population sizes which would increase rates of genetic 
drift. 
 Relative to other Etheostoma darters (Table 7), populations of the Yazoo Darter in the 
Tallahatchie R. drainage do not appear to have less genetic diversity as measured by allelic 
richness and heterozygosity, while populations in the Yocona R. drainage do appear to have less 
genetic diversity for reasons discussed earlier.  I did not test for differences because we have data 
for only a few other Etheostoma species, sample sizes are small for these species, and because of 
possible bias by workers for polymorphic microsatellite markers.  However, in both drainages, 
the potential risks of on-going loss of genetic diversity should be of concern to managers.  
Clearly, those populations isolated in smaller watersheds may be more at risk relative to 
populations in larger watersheds within each drainage.        
  Significant isolation by distance is not surprising given the fact that the Yazoo Darter is a 
small benthic fish and therefore less vagile than many other species of fish.  Partitioning of most 
genetic variation between populations within watersheds, rather than among watersheds, is also 
not surprising given the significant Fst scores between all populations and significant genic 
population differentiation.  Thus, populations are experiencing low levels of migration not only 
across the largest, channelized stream reaches in the mainstem of the Tallahatchie R. and Yocona 
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R., but also across the smaller, channelized stream reaches separating populations within 
watersheds such as the Cypress Creek watershed.  If most of the variation had been partitioned 
among watersheds, this would indicate that the largest stream reaches were barriers, but the 
smaller ones within watersheds were not.  There does not appear to be significant variation 
among individuals within populations, indicating little genetic structure within headwater 
streams.  Not surprisingly, I did find that when comparing the Tallahatchie R. and Yocona R. 
drainages, most variation was found between the two drainages.  This supports the findings of 
Powers and Warren (2009) that the two major drainages are genetically isolated with respect to 
one another. 
 
Contemporary and historical migration 
 Results from Migrate show that historically individuals were able to disperse across 
watersheds through the mainstem of the major river drainages and across tributaries within 
watersheds.  Estimates of the number of effective migrants per generation (Nm) are all above 1.0 
except for migration into Chili Creek (Tippah R. Watershed Unit) (Table 12).  If this is correct, it 
is likely that before European settlement, populations of Yazoo Darters within the Yocona R. and 
Tallahatchie R. drainages were far less structured than they are today.  Migration rates are 
consistent among watershed units in both the Yocona R. and Tallahatchie R. drainages except for 
migration into Taylor Creek in the Yocona R. drainage which is roughly twice as high.  This may 
be a result of migration into Taylor Creek from a population that we did not sample or that no 
longer exists.  Migration rates among populations within the Tippah R. Watershed Unit are more 
variable than among watershed units and may simply be a result of examining migration rates at 
a finer spatial scale.  However, migration into Chili Creek is estimated to be <1.0 from all other  
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populations that we examined.  It is possible that unfavorable habitat, perhaps an oxbow lake, 
acted as a barrier to dispersal into this population.        
 The overall low contemporary rates of dispersal found by BayesAss is well supported by 
the high degree of structure found between populations which indicate that contemporary 
dispersal among populations is less than about 1.0 effective migrant per generation.  This agrees 
with all the estimates of migration generated by BayesAss except for two:  migration across 
watershed units from Taylor Creek into Otoucalofa Creek and across tributaries within the 
Tippah R. Watershed Unit from Chili Creek into Chewalla Creek.  In the first case, it seems 
unlikely that there is a higher rate of migration from Taylor Creek into Otoucalofa Creek than 
into Morris Creek which is much closer.  It also seems unlikely because there is not a 
corresponding high rate of migration from Morris Creek into Otoucalofa Creek.  Much the same 
argument can be used for the second case in the Tippah R.  Migration from Chili Creek into 
Chewalla Creek is higher than into the much closer Tippah R. Tributary population.  Also, again, 
there is not a corresponding high rate of migration from the Tippah R. Tributary population or 
Yellow Rabbit Creek into Chewalla Creek.  If rates of migration were as high as estimated in 
these two cases, pairwise Fst scores between these populations would not be as great (0.2 and 
0.09, respectively), would not be significantly different, and my test of population differentiation 
would not be significant.  For these reasons, I conclude that these estimates are anomalous and 
that all populations are effectively isolated. 
 The weight of evidence suggests that there is very little contemporary migration among 
populations and across larger, channelized streams.  In particular, it appears that the channelized 
mainstem of the Yocona, Tallahatchie, and the Tippah Rivers are barriers to dispersal.  As 
discussed earlier, Geneland clustered individuals from sites in smaller and relatively undisturbed 
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watersheds which indicate that there is a high enough rate of dispersal to create panmictic 
populations.  Because there is apparent dispersal across smaller, unchannelized streams, and 
because there were relatively high rates of dispersal across larger streams historically, the most 
parsimonious explanation for current population isolation is habitat modification and 
fragmentation. 
 
Excess heterozygosity 
 My results overall indicate that the Yazoo Darter now exists in mostly isolated, highly 
structured populations within small headwater streams where at one time, there appears to have 
been a great deal more gene flow among small headwater streams.  If this is so, it is reasonable 
to conclude that effective population sizes in resulting isolated populations have been greatly 
reduced.  This may explain a general trend of significant excess heterozygosity within 
populations (Beebee 2005).  Other explanations may be that natural selection favors 
heterozygotes (Allendorf and Luikart 2007), negative assortative mating (Hallerman et al.2003) 
or that Yazoo Darters have always existed in exceedingly small populations where allele 
frequencies are, by chance, different between the sexes (Allendorf and Luikart 2007).  These 
mechanisms do not seem likely given the fact that they have not been found in the many other 
headwater darter species that have been studied (Wood 1996, Turner and Robison 2006, Fluker 
et al. 2010).  Investigation of demographic parameters and mating system may help to resolve 
the cause of this interesting finding, but the most parsimonious explanation is a general trend of 
sharp decline among populations. 
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Management implications 
 Isolation of populations appears to have been the result of habitat fragmentation and 
alteration as described in the introduction.  This alteration would include 1) hard barriers such as 
the numerous headwater impoundments within the range of the Yazoo Darter; 2) extensive 
channelized stream reaches creating homogenous and unsuitable habitat with little cover, 
particularly the mainstem of larger streams; 3) certain types of road crossings (often box 
culverts) which create unsuitable (lentic) habitat upstream of road crossings and often large pour-
offs at the downstream edge of the crossing.  Any attempt to restore connectivity between 
populations of Yazoo Darters would need to assess the potential role of these barriers to 
dispersal.  
 Within the Yocona R. drainage, populations appear to be genetically depauperate and to 
have a higher degree of population isolation relative to the Tallahatchie R. drainage.  There are 
far fewer known populations of Yazoo Darters within the Yocona R. drainage.  There is also next 
to no protection for streams within the drainage and there is rapidly increasing anthropogenic 
pressure on these streams (Chapter 1).  For these reasons, management action within the Yocona 
R. drainage appears to be more imperative than within the Tallahatchie R. drainage.   
 While my results show that there were likely large declines in populations, I do not know 
when these declines took place, how severe they may have been or if populations are currently 
stable.  Further investigation of demographic parameters and modes of dispersal among streams 
would be helpful. Translocation of individuals among streams and stream restoration efforts 
should be investigated as management options.   
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III. SEVERE DECLINES IN EFFECTIVE POPULATION SIZE OF YAZOO DARTERS 
(ETHEOSTOMA RANEYI) RESULTING FROM HABITAT FRAGMENTATION 
 
Abstract 
 Reduction in population size leads to reduced population viability making detection of 
population size reductions an important component of conservation management.  In recent years 
genetic methods have been increasingly used to try to detect population size reductions and to 
quantify the magnitude of reductions.  However, confounding factors can make it difficult to 
reliably detect reductions, and as a result many workers rely on employing a variety of methods 
to determine if genetic signatures of population reductions are consistent.  Etheostoma raneyi is a 
range-restricted endemic fish and its habitat has become increasingly fragmented, mainly due to 
flood control projects.  Populations are genetically isolated and show relatively high levels of 
structure, whereas before habitat modification populations were not gentically isolated.  My goal 
here is to try to determine if contemporary effective population sizes are smaller than estimates 
of historic effective population size, if populations show genetic signatures of having undergone 
genetic bottlenecks, and if patterns of reduction and bottlenecks are consistent across the range 
of the species.  Results indicate that all populations studied have undergone severe declines in 
effective population size, all populations show genetic signatures of bottlenecks, and are 
currently small enough to raise concern for their long term persistence.  Populations in the 
Yocona River drainage in particular appear to be at risk.  It is imperative that further research be 
implemented now to inform conservation management action in the near future.    
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Introduction 
 Reductions in population size generally lead to reduced population viability (Saccheri et 
al. 1998, Reed et al. 2003a, Palstra and Ruzzante 2008, Reed 2008). Small populations have less 
adaptive potential in the face of novel evolutionary challenges (Reed et al. 2003b, Blows and 
Hoffman 2005, Reed 2010), lower mean population growth rates and decreased fitness (Reed 
and Frankham 2003, Reed 2005). Also, their population growth rate and population size are 
temporally more variable than larger populations (Reed and Hobbes 2004).  Hence, detection of 
reductions in the size of natural populations is a high priority for species of conservation 
concern.   
 The use of genetic techniques to detect population reductions has become common over 
about the last fifteen years. Even so, the detection of population bottlenecks using genetic 
methods is notoriously difficult because the genetic signatures of a demographic bottleneck can 
be quickly obscured by migration or fast population growth (Luikart and Cornuet 1998, Busch et 
al. 2007, Mardulyn et al. 2008, Hundertmark and Daele 2010).  Also, bottlenecks are usually 
detected only in cases where populations decline to tens rather than hundreds of individuals  
(Luikart and Cornuet 1998, Swatdipong et al. 2010).  In addition, quantification of population 
decline can be confounded by violation of the assumptions of the methods used (Williamson-
Natesan 2005, Chikhi et al. 2010, Funk et al. 2010).  One important aspect of quantifying 
population declines is estimating when declines occur because this may have direct impact on 
conservation strategy.  For instance, if a population of concern is known to have started to 
decline at the end of the last ice-age, management strategy would likely be different than if the 
decline started after anthropogenic habitat alteration in the 20
th
 century.  One approach to try to 
ascertain timing of population decline is to use genetic methods that detect genetic bottlenecks 
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over different time-scales.  Another approach is to estimate contemporary and historical effective 
population size (Ne).  Although many genetic methods have been developed to estimate when 
population declines occurred, they all have a basic set of assumptions which may confound 
efforts to arrive at reasonable estimates.  Although varying among methods, assumptions can 
include drift-mutation equilibrium, random mating, constant population size, linkage 
equilibrium, and sampling of all populations exchanging genes.  These assumptions are 
highlighted because each may be violated as a direct result of the consequences of population 
decline.  Ironically, it may be more difficult to quantify population decline because the 
population has in fact declined.  To try to overcome confounding factors, most workers use a 
comprehensive approach to see if a variety of methods demonstrate a consistent pattern of 
demographic history (Chiucchi and Gibbs 2010, Funk et al. 2010, Whitely et al. 2010). 
 The Yazoo Darter (Etheostoma raneyi) is a small (<65 mm), benthic fish endemic to 
headwater streams of the upper Yazoo River basin in north-central Mississippi (Thompson and 
Muncy 1986, Suttkus et al. 1994, Johnston and Haag 1996).  Because the limited and fragmented 
range of this species puts it at risk of extinction (Chapter 2), the Yazoo Darter has been classified 
as vulnerable by the Southeastern Fishes Council (Warren et al. 2000) and American Fisheries 
Society (Jelks et al. 2008), and as globally imperiled by the Nature Conservancy (NatureServe 
2011).  Though they can live to three years of age, most (~94%) Yazoo Darters do not survive 
their first year (Johnston and Haag 1996). Spawning begins in early March and extends to about 
mid-May depending on water temperature (Suttkus et al. 1994, Johnston and Haag 1996).  A 
pronounced (3:1) female-skewed head count sex bias exists (Chapter 1).  Yazoo Darters have 
relatively low fecundity, attaching their eggs singly to available substrate and newly hatched 
larvae are free-swimming, not planktonic (Johnston and Haag 1996, unpubl. data) which may 
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reduce gene flow among streams. This suite of traits is adaptive for headwater stream fishes 
(Turner and Trexler 1998). 
 Yazoo Darter distribution is scattered across headwater streams in the Little Tallahatchie 
River drainage (Tallahatchie R. hereafter) and the Yocona River drainage (Yocona R. hereafter). 
Levels of mitochondrial DNA divergence and phylogenetic relationships indicate the populations 
within these two drainages have been isolated with respect to one another, perhaps since the 
Pleistocene (Powers and Warren 2009).  The scattered distribution within drainages may be due 
in part to restriction to streams with perennial flow (Suttkus et al. 1994) and may explain why so 
few streams yield Yazoo Darters in the Yocona River drainage (Chapter 1) where there is greater 
threat of extirpation (Chapter 2).  Yazoo Darters are now genetically isolated within headwater 
tributaries due to anthropogenic habitat alteration and destruction (Chapter 2).  Fragmentation 
has created a high degree of inter population genetic structure at small spatial scales, sometimes 
between neighboring tributaries separated by <5 km within the same watershed (Chapter 2).  My 
goal here is to employ a comprehensive approach to try to detect, quantify and ascertain timing 
of expected population declines, due to anthropogenic modification and fragmentation of 
watersheds, using microsatellite data from eleven populations of Yazoo Darters (Chapter 2).   
 
Methods 
Sample collection and site locations 
 I collected tissue samples from Yazoo Darters at 17 sites by taking small fin clips from 
212 individuals and storing the tissue in 95% ethanol (Table 6 and Figure 5). I captured darters 
using single-pass backpack electrofishing and dipnets or using a seine.  I attempted to collect 
samples across the range of the species to determine if there were differences in demographic 
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parameters among watersheds within the Yocona R. drainage and the Tallahatchie R. drainage.  
Within the Yocona R. drainage I collected samples from direct tributaries to the Yocona R. 
(Morris and Taylor Creeks) and within Otoucalofa Creek, a major tributary within the Yocona R. 
drainage.  Within the Tallahatchie R. drainage I collected samples from a direct tributary (Big 
Spring Creek), from the Tippah River drainage, a major tributary, and from the Cypress Creek 
drainage, another major tributary.     
 
Microsatellite amplification and allele scoring 
 I extracted DNA using standard phenol-chloroform methods (Hillis et al. 1996).  I 
amplified target sequences by PCR using ten microsatellite primers developed for other species 
of Etheostoma, Esc 26b, Esc 18, Esc 187 (Gabel et al. 2008); Etsp 224, Etsp 227, Etsp 208, Etsp 
219 (Hudman et al. 2008); Eche 010 (Khudamrongsawat 2007); EosD 116, EosD 108 (Switzer et 
al. 2007).  PCR reaction volume (11.5 µl) contained 10 x reaction buffer (Genesee Scientific San 
Diego, CA), 50 mM MgCl
2
 (Genesee Scientific San Diego, CA), 160 µM each dNTP, 1µM each 
primer, 1 U Taq polymerase (Apex Taq, Genesee Scientific San Diego, CA).  The PCR cycle 
was 94°C/1 min followed by 20 cycles of: 94°C/30 sec, 60°C/25 sec decreasing every cycle by 
0.3C°, 72°C/40 sec; then 8 cycles of: 94°C/30 sec, 56°C/25 sec, 72°C/40 sec and a final 
extension of 72°C/30 min.  PCR product was genotyped on an ABI 3730 sequencer (Applied 
Biosystems) and fragment sizes scored using Peak Scanner software (Applied Biosystems). All 
scores were manually checked.   All homozygous individuals and subsets of heterozygous 
individuals for each locus were amplified and scored at least twice to check for consistency.   
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Clustering analysis 
 I used the program Geneland ver. 3.2.4 (Guillot et al. 2005; Guillot and Santos 2009) to 
distinguish genetically distinct populations for further analyses.  Because I expected within 
drainage population structure to be largely due to alteration of landscape features such as 
channelization of stream reaches, I chose the spatial model option.  Because I expected current 
population genetic structure to be largely a result of recent habitat alteration, I used the correlated 
model option in Geneland as suggested in the manual (Guillot and Santos 2009). The correlated 
model in Geneland uses a Bayesian clustering algorithm and spatial data (latitude and longitude) 
to assign individuals probabilistically to clusters or populations without a priori knowledge of 
population units accounting for null alleles and isolation by distance.  The major assumptions of 
the model are that populations are in Hardy-Weinberg equilibrium, loci are not linked, and 
genotypes are spatially correlated.  Computations are carried out through the Markov Chain 
Monte Carlo (MCMC) method.  I used ten independent runs of the program allowing the number 
of populations (genetic clusters, K) to vary from one to 17 and ran 10
6
 MCMC iterations to check 
for consistent convergence on a solution.  I used the modal value of these runs to infer the 
number of clusters.  I grouped all individuals into populations as determined by Geneland for all 
other analyses.  
 
Contemporary effective population size and bottlenecks 
 I estimated contemporary effective population sizes (Ne) using the program LDNe 
(Waples and Do 2008) which uses linkage disequilibrium to calculate Ne incorporating a bias 
correction (Waples 2006).  I also used the program ONeSAMP (Tallmon et al. 2008) which uses 
eight summary statistics, including linkage disequilibrium, and is expected to provide more 
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accurate estimates of Ne than methods using one genetic parameter (Luikart et al. 2010; 
Swatdipong et al. 2010). ONeSAMP has not been thoroughly evaluated; however, simulations 
indicate that a range of migration rates do not greatly affect ONeSAMP‟s estimate of Ne 
(Swatdipong et al. 2010).  LDNe and ONeSAMP assume that populations are closed, discrete 
generations, and selectively neutral and unlinked loci.  In particular, LDNe can be susceptible to 
bias because processes other than small Ne can generate linkage disequilibrium including 
substructure, immigration or admixture of demes, inbreeding, and overlapping generations.  
From the results of related work (Chapter 2), I know that populations identified by Geneland are 
closed and do not show substructure.  I also did not find significant Fis scores for homozygosity 
excess; hence there is no evidence for in-breeding.  Generations are not discrete, but spawning 
seasons are distinct and about 13% - 29% of individuals sampled during the spawning season (n 
= 147) are greater than two years old and are possibly spawning for a second time (Johnston and 
Haag 1996).  For LDNe, I used both 0.01 and 0.02 as the lowest allele frequencies to include in 
the analyses and report results for both. Upper and lower 95% confidence intervals were 
generated using the parametric method as implemented in LDNe.  For ONeSAMP, one must 
choose a range of possible Ne for analysis, effectively creating a minimum and maximum bound 
to Ne estimates. For individual populations I report results using two as the lowest and 1,000 as 
the highest prior values.  As recommended by the ONeSAMP manual, I varied prior values to 
see if they substantially altered posterior parameter estimates.  In my case this had little effect.  
Using my results from ONeSAMP I performed a regression analysis of watershed area (km
2
) and 
Ne per population using Microsoft Excel.  I did not include the population below Puskus Lake in 
this analysis because it is not independent from the population above Puskus Lake, having been 
separated <60 years ago by dam construction.  I used Genepop (Raymond and Rousset 1995) to 
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test for linkage disequilibrium and I used a modified False Discovery Rate (FDR) (Benjamini 
and Yekutieli 2001) correction for multiple tests (Narum 2006). 
 I used the program Bottleneck (Cornuet and Luikart 1996, Piry et al. 1999) to detect 
recent reductions in populations over about the past 4Ne generations or about 100-500 years in 
my populations. Simulations and case studies (Cornuet and Luikart 1996, Beebee and Rowe 
2001, Williamson-Natesan 2005, Funk et al. 2010) demonstrate that this approach is the best 
currently available for predicting bottlenecks with low type I error rates (Cornuet and Luikart 
1996).  Simulations also show that this method is best at detecting bottlenecks when they are 
more recent and less severe compared with other methods (e.g., M ratio) (Williamson-Natesan 
2005).  The program Bottleneck tests for heterozygosity excess, (which is defined as Hardy-
Weinberg heterozygosity (He) minus equilibrium heterozygosity (Heq)) at mutation-drift 
equilibrium. In other words, when a severe population decline occurs, the number of alleles 
decreases faster than heterozygosity which allows Bottleneck to test for heterozygosity excess 
given the number of alleles present in the population.  This is not to be confused with testing for 
an excess of heterozygotes (Ho >He).  The major assumption is that populations are at mutation-
drift equilibrium.  I used the two-phase mutation model (DiRienzo et al. 1994) with 95% single-
step mutations and 12% variance for mutation size and 10,000 iterations (Piry et al. 1999).  I ran 
the same analysis again with 90% single-step mutations to see what effect that had on results.  I 
used a Wilcoxon sign rank test as implemented in Bottleneck to determine significance of 
heterozygosity excess. This test is statistically powerful enough to detect differences with as few 
as four polymorphic loci, though 15-40 individuals and 10-15 polymorphic loci are 
recommended (Cornuet and Luikart, 1996).  I used ten polymorphic loci and the median number  
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of individuals per population is 18.  I used a modified FDR method as described earlier to correct 
for multiple tests.   
 I used the modified M ratio method (Garza and Williamson 2001) as implemented in the 
program Arlequin ver. 3.5.1.2 (Excoffier et al. 2005, Excoffier 2010) as another method to detect 
bottlenecks.  The M ratio is simply the number of alleles over the range in allele sizes corrected 
for monomorphic loci within any given population.  The M ratio is predicted to decline after 
severe bottlenecks because the number of alleles should decrease faster than the range in allele 
sizes because allele frequencies are generally not normally distributed (Garza and Williamson 
2001).  In simulations the M ratio method was more likely to correctly identify a bottleneck 
when it was less recent, lasted several generations, and the population had made a demographic 
recovery, as compared to the methods used in the program Bottleneck (Williamson-Natesan 
2005).  Further simulations (Swatdipong et al. 2010) showed that migration rates above 0.05-0.1 
per generation prevent the M ratio from declining in a severely bottlenecked population (Ne 
reduced from 10,000 to 50) to a point where they indicate previous bottlenecks, but very low 
rates (m = 0.001-0.02) will maintain low M ratios for  ≤3,000 generations.  When simulated 
populations were closed, low M ratios disappeared after about 300 generations mainly due to 
fixation of alleles and reduction of genetic diversity.  I classified a population as having been 
subject to a bottleneck by employing a conservative critical value (M = 0.68) recommended by 
Garza and Williamson (2001) and calculated 95% confidence intervals (C.I.) for M ratios by re-
sampling with replacement over loci for 10,000 iterations (Microsoft Excel Pop-Tools ver. 
2.7.5).  
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Long-term Ne estimates 
 Because I was interested in comparing contemporary estimates of Ne with estimates of 
long-term Ne (4Ne generations or ~100-500 years for this species), I used the equation Ɵ = 4Neµ 
where Ɵ = mutation scaled Ne and µ = mutation rate (Gaggiotti and Excoffier 2000).  
Microsatellite mutation rates in fishes have not been extensively studied.  In common carp 
(Cyprinus carpio), mutation rates were estimated at 5.56 X 10
-4
/locus/generation (95% C.I. 1.52 
X 10
-4
 to 1.63 X 10
-3
) (Yue et al. 2007).  In zebrafish (Danio rerio), mutation rate was estimated 
at 1.5 X 10
-4
 (no C.I. given) (Shimoda et al. 1999).  I used 5 X 10
-4
 (Fluker et al. 2010) for my 
calculations of long-term Ne.  I used estimates of Ɵ from the program Migrate (Beerli and 
Felsenstein 1999, Beerli 2010).  Migrate uses a coalescent approach to estimate Ɵ over about the 
last 4Ne generations, a period of time prior to European settlement.  Computations are carried out 
through the MCMC method.  The major assumptions of the model are that all populations 
exchanging genes have been sampled, population sizes and migration rates have not changed 
over time, mating is random, loci are neutral, and recombination is low to moderate.  I used the 
maximum likelihood option, the Brownian motion mutation model, and the matrix migration 
model.  I ran 15 short chains, sampling every 100 generations until 500 genealogies were 
recorded from 50,000 genealogies sampled after a burn-in of 30,000, and then I ran four long 
chains sampling every 400 generations until 20,000 genealogies were recorded from 8 x 10
6
 
genealogies sampled after a burn-in of 30,000.  I also used the “summarize over all chains” 
option because this is recommended for difficult data sets (Beerli 2010).  This option combines 
the results of long chains to estimate parameters.  I performed three independent runs to ensure 
that the program was producing consistent parameter estimates. 
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 I also used the methods of Ohta and Kimura (1973) which assumes a step-wise mutation 
model (SMM), and the methods of Hartl and Clark (1989) which assumes an infinite allele 
model (IAM), to estimate long-term Ne.  Both methods assume mutation-drift equilibrium and Ne 
is a function of He.  Because the two methods represent the opposite extremes of microsatellite 
mutation, the true Ne should be in between the two estimates (Busch et al. 2007) if the 
assumptions of the models are met.  I then performed a pairwise t-test of historic and 
contemporary Ne estimates for each population using the means of the three methods used to 
estimate long-term Ne and the results from ONeSAMP for contemporary Ne.  I did not estimate 
long-term Ne for the population downstream of Puskus Lake in Puskus Creek because it has 
ostensibly been isolated from the population upstream of the Lake by construction of the 
impoundment about 60 years ago.   
 
Results  
Cluster analysis 
 Geneland grouped my sampling sites into eleven clusters of identical composition in each 
independent run (Table 6, Fig. 6).  Within the Yocona River drainage, the four sites in different 
tributaries of Otoucalofa Creek were grouped together while the two sites in neighboring 
tributaries of the Yocona River were recovered as distinct despite being separated by only about 
five km of the mainstem of the Yocona R.  Within the Tallahatchie R. drainage, the three sites 
upstream of Puskus Lake in Puskus Creek and two of its tributaries were grouped together but 
separate from the site downstream of Puskus Lake.  Within Chewalla Creek, the sites upstream 
and downstream of Chewalla Lake were not recovered as distinct. However, all four sampling 
sites within the Tippah River watershed were distinguishable. Posterior probabilities of 
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population membership show all individuals assigned to a cluster including the population from 
which they were sampled.     
 
Contemporary and historic effective population size and bottlenecks 
 Two of 45 pairs of loci tested (adjusted α = 0.0114) were significantly out of gametic 
equilibrium overall after correcting for multiple tests (Genepop test for linkage disequilibrium; 
Etsp 219 and Etsp 224, p ≤ 0.0001; Esc 26b and Esc 187, p ≤ 0.0001). However, tests of linkage 
disequilibrium within each population show that, after correction for multiple tests, only Etsp 
219 and Etsp 224 remained significant for the Otoucalofa Creek population. Because of these 
results, I assume that all loci are not linked. 
 Point estimates of Ne from LDNe show wide variation ranging from about 38 to about 
4,500 among sites using 0.01 as the lowest allele frequency and ranging from about 66 to about 
2770 among sites using 0.02 as the lowest allele frequency (Table 16). Many point estimates are 
negative and therefore invalid.  All 95% C.I.s are extremely broad ranging from about twelve to 
infinity. Results from ONeSAMP are more precise, recovering surprisingly low estimates of Ne 
(range 12 – 131) for most populations with upper 95% C.I.s < 100 for all but three populations 
(Table 16). Point estimates range from about twelve to about 131. Confidence intervals 
generated by ONeSAMP show less variation around point estimates within populations and less 
variation among populations which may be a result of using eight different parameters to 
estimate Ne rather than a single parameter as in LDNe.  Not surprisingly, Ne estimates from 
ONeSAMP show a positive relationship with watershed area, (R
2
 = 0.68, p ≤ 0.003) (Fig. 8) with 
larger watersheds having larger estimates of Ne. 
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 Three of eleven populations had significant heterozygosity excess using 95% single-step 
mutations (Wilcoxon test, in Bottleneck): Chili Creek (p < 0.012), Tippah River Tributary (p < 
0.01), and Puskus Creek downstream of Puskus Lake (p < 0.001).  The same pattern of excess 
was also recovered for these populations with 90% single-step mutations (p-values <0.002, 
<0.005, and <0.0005), respectively. In all cases, heterozygosity excess was still significant after 
correction for multiple tests (adjusted α = 0.017).  M ratios generated by Arlequin showed all 
populations have ratios ≤0.5 and upper 95% C.I. estimates ≤0.6, well below the critical M ratio 
value of 0.68 (Fig. 9).  M ratios ranged from 0.19 to 0.49. 
 Estimates of long-term Ne (Table 17) for each population are inconsistent among 
methods and vary widely for some populations, but historic Ne was significantly higher than 
contemporary Ne (paired t-test, t = 10.61, n = 10, df = 9, p < 0.0001).  Confidence intervals are 
broad but are higher and do not overlap with the confidence intervals generated by ONeSAMP 
for contemporary Ne.  
 
Discussion 
 My study has three primary conclusions: First, a positive relationship between watershed 
area and Ne exists in these populations.  This has important implications for management of this 
species.  Second, contemporary Ne has declined relative to historic Ne and this decline in Ne was 
drastic enough to leave genetic signatures of bottlenecks in all populations.  Finally, estimates of 
contemporary Ne for all populations of Yazoo Darters are low enough to cause concern for their 
long-term persistence.  
 Of the three populations showing significant genetic signatures of bottlenecks, two of the 
populations are near each other in the Tippah River watershed but no obvious explanations or  
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Table 16. Estimates of contemporary Ne (± 95% C.I.) across 11 populations of Yazoo Darters using the programs ONeSAMP and 
LDNe using different minimum allele frequencies in the analysis. Ne = effective population size, C.I. = confidence interval 
 
 
  ONeSAMP 
  
 LDNe 
   
 LDNe 
  
     
 0.02= lowest allele frequency 
 
 0.01= lowest allele frequency 
            
 
Lower 
C.I. Ne 
 Upper 
C.I. 
 
Lower 
C.I. Ne 
 Upper 
C.I. 
 
Lower 
C.I. Ne 
 Upper 
C.I. 
            Otoucalofa Creek 83.9 131.7 302.0 
 
42.6 66.1 126.4 
 
25.3 38.1 64.6 
Morris Creek 9.5 12.0 16.7 
 
11.9 − ∞ 
 
9.3 227.3 ∞ 
Taylor Creek 15.2 19.5 27.8 
 
22.4 807.1 ∞ 
 
20.2 − ∞ 
Big Spring Creek 34.2 45.7 77.7 
 
233.8 − ∞ 
 
162.8 − ∞ 
Chewalla Creek 27.2 35.5 57.8 
 
380.5 − ∞ 
 
156.4 − ∞ 
Yellow Rabbit Creek 16.7 20.4 31.4 
 
84.8 − ∞ 
 
31.6 4519.2 ∞ 
Tippah River Tributary 14.1 18.0 28.2 
 
19.4 101.2 ∞ 
 
14.5 58.3 ∞ 
Chili Creek 23.5 30.1 50.6 
 
31.6 65.9 860.2 
 
22.8 47.1 342.8 
Cypress Creek 24.3 32.4 55.3 
 
42.4 129 ∞ 
 
38.2 180.4 ∞ 
Puskus Creek downstream 
of dam 39.7 56.0 101.7 
 
109.8 − ∞ 
 
88.8 − ∞ 
Puskus Creek upstream of 
dam 56.2 83.2 179.5 
 
115.8 2772.5 ∞ 
 
54.4 167.6 ∞ 
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Table 17. Long-term Ne estimates (± 95% C.I.) using a step-wise mutation model (SMM), infinite allele model (IAM), estimates of 
mutation-scaled Ne (Ɵ) generated by Migrate and showing means of the 3 methods.  US = upstream, Cr. = creek. 
 
  
SMM 
   
IAM 
   
Migrate 
  
  Mean of 3 methods 
 
0.025 Mean 0.975 
 
0.025 Mean 0.975 
 
0.025 Mean 0.975 
 
0.025 mean 0.975 
                Otoucalofa Cr. 428 1186 4592 
 
324 702 1702 
 
3669 3981 4329 
 
1474 1956 3541 
Morris Cr. 540 1026 2153 
 
387 629 1050 
 
4076 4475 4931 
 
1668 2043 2711 
Taylor Cr. 947 2402 9891 
 
594 1128 2685 
 
6636 7463 8400 
 
2726 3664 6992 
Big Spring Cr. 1184 2995 12967 
 
698 1302 3136 
 
599 647 700 
 
827 1648 5601 
Chewalla Cr. 1132 3584 34069 
 
675 1460 5349 
 
1018 1101 1192 
 
942 2048 13537 
Yellow Rabbit Cr. 1016 3324 34796 
 
625 1390 5417 
 
1162 1277 1408 
 
934 1997 13874 
Tippah Tributary 1672 4447 24404 
 
887 1672 4474 
 
1731 1926 2151 
 
1430 2682 10343 
Chili Cr. 1451 3096 9123 
 
804 1330 2559 
 
776 859 955 
 
1010 1762 4212 
Cypress Cr. 4120 6736 12658 
 
1592 2145 3097 
 
970 1052 1142 
 
2227 3311 5632 
Puskus Cr. US of 
Dam 2291 5776 28376 
 
1095 1956 4847 
 
998 1081 1173 
 
1461 2938 11465 
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Figure 8. Regression analysis of watershed area (km
2
) and Ne per population, n = 10. 
 
 
 
Figure 9. M ratios (± 95% C.I.) for each of eleven populations (M-crit. = 0.68). 
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bottlenecks may be the result of genetic structure because the bottleneck test assumes random 
mating.  The results of my analyses from Chapter 2 show that the Tippah River Tributary 
population is significantly out of Hardy-Weinberg equilibrium and both the Chili Creek 
population and the population downstream of Puskus Lake are marginally so.  However, because 
all populations have significantly low M ratios and show significant population declines, I 
conclude that the bottleneck signatures are real.  
 My M ratio analysis shows a more general pattern of decline across all populations.  This 
may be the result of population isolation due to habitat fragmentation (see Chapter 2).  When a 
large population is broken up into much smaller, isolated populations, each newly isolated 
population will likely be missing, by chance, some alleles that were present in the larger 
population before fragmentation because of the uneven distribution of alleles among the newly 
isolated populations.  Alleles may also be lost over time because of drift.  The events leading to 
population isolation (habitat degradation and alteration) likely also caused actual declines in the 
number of individuals within a newly isolated population.  What is clear is that my M ratio 
analysis indicates severe loss of rare alleles as well as population decline across all populations. 
 Estimating when population declines began is troublesome.  The program Bottleneck 
estimates declines over about the last 4Ne generations (~100-500 years in this species) and the 
persistence of low M ratios is highly dependent on migration, but can persist for thousands of 
generations.  Just because a population shows a small M ratio, but not a significant genetic 
signature in the program Bottleneck, does not necessarily mean that the decline is older than 4Ne 
generations.  In simulations, the methods implemented in Bottleneck often do not detect 
bottlenecks (Williamson-Natesan 2005, Mardulyn et al. 2008).  Conversely, populations of 
Yazoo Darters showing decline using Bottleneck clearly declined within about the last 500 years. 
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Little, if any, migration is estimated to have occurred between populations over the past several 
generations, but migration did occur between populations within the past 100-500 years or so 
(see Chapter 2).  This suggests isolation of populations and subsequent decline also occurred 
within the last 100-500 years.    
 Results from LDNe are so variable and change so dramatically depending on the lowest 
allele frequency used that for most populations they are not useful determining contemporary Ne 
or for comparison with historic estimates of Ne.  As previously noted, LDNe is susceptible to 
numerous violations of the assumptions of the method due to the genetic consequences of 
population decline.  It appears that this may be the case with my data and this is why I did not 
use the results from LDNe for my paired t-test of contemporary and historical estimates of Ne.  
Contemporary estimates of Ne from ONeSAMP are surprisingly low and support a general trend 
of population decline across populations.  Even when considering the upper confidence interval 
of contemporary Ne, most populations appear to have too few individuals for long term  
persistence (Reed 2008).  Without active management, populations should be considered 
vulnerable even in the short term.   
 It is clear that populations were at one time larger than they are today.  The best 
explanation for a decline in population size is fragmentation of habitat and isolation of Yazoo 
Darters within headwater tributaries.  This is supported by my results from Chapter 2.  As 
previously noted, detection of genetic bottlenecks using my methods is possible when the 
magnitude of such declines is large (i.e., declines from thousands to tens of individuals).  Also, 
even in such a situation, relatively low migration rates can quickly obscure genetic signatures of 
a bottleneck or prevent such a signature from ever occurring.  For these reasons and because  
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nearly all my contemporary estimates of Ne are in the tens rather than hundreds, it seems 
reasonable to conclude that the magnitude of population declines has been severe. 
 Because watershed area and Ne are positively and strongly related, that relationship can 
be used to predict Ne for populations not included in our analyses.  This will enable managers to 
prioritize management action among populations within the Yocona R. and Tallahatchie R. 
drainages.  Identifying populations in smaller watersheds will also allow managers to monitor 
those populations most at risk of extirpation and more efficiently allocate resources.  Within the 
Yocona R. drainage, the Otoucalofa Creek population has the largest estimated Ne of any 
population, 85 to 300 individuals. Even so, that may still not be large enough to balance the 
potentially detrimental effects of drift against the production of potentially beneficial genetic 
diversity (Reed 2008).  The other two populations in the Yocona R. drainage (Morris and Taylor 
creeks) have the smallest M ratios and two of the three lowest contemporary Ne estimates among 
all populations.  Given results from Chapter 2, these two populations clearly are at greatest risk 
of extirpation and most need active management.  This is especially critical given that Yazoo 
Darters are known to occur in only two other tributaries within the Yocona R. drainage.  Within 
the Tallahatchie R. drainage, the Tippah River Tributary population is most at risk and of all 
populations examined, is in greatest need of management action.  However, populations in any 
similar-sized small watershed may also be assumed to be in need of timely management action.     
 Translocation of individuals among streams within the Tallahatchie R. and Yocona R. 
drainages has the potential to dramatically reverse the loss of genetic diversity and increase Ne in 
these populations.  Because the low genetic diversity is likely the result of drift, assisted 
migration can ameliorate potential inbreeding depression, increase the efficiency of selection, 
and help spread beneficial alleles (Reed 2004, Hedrick and Fredrickson 2009, Bijlsma et al. 
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2010).  If a translocation plan is to be implemented it will need specific information to be 
successful.  A phylogenetic analysis among the major watersheds within each drainage will 
prevent mixing individuals from different Evolutionary Significant Units (Ryder 1986).  The risk 
of outbreeding depression deserves to be explored, but because of the small size of the Yazoo 
Darter‟s range, the lack of any obvious environmental gradients, and evidence for migration 
among populations before human habitat alteration, this risk appears to be low because it is 
unlikely that there is adaptation to local environments (Allendorf and Luikart 2007).  In addition, 
examination of fine-scale gene flow within headwater streams will be useful to understand 
movement of Yazoo Darters within streams and investigation of dispersal mechanisms may help 
us to understand how Yazoo Darters once moved across watersheds.  Investigation of Yazoo 
Darter movement should explore the possibility of sex biased dispersal and movement of larvae.  
Additionally, quantification of breeding sex ratios would provide a better understanding of Ne 
and the effective to census population size ratio.    
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Figure 1. Major drainages, watershed units, counties, and cities within the range of the  
Yazoo Darter in north-central Mississippi. Red circles show location of all known Yazoo Darter 
collections.
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Table 1.  Records for all known samples yielding Yazoo Darters (1952-2010) listed by watershed unit (Fig. 1) and site.   
T = total number of Yazoo Darters sampled; CPUE = catch per hour; Unit = watershed unit; U.T. = Unnamed tributary; 
Pr. = private land; US = upstream; DS = downstream; CR = country road; SR = state highway; FR = USFS road.  OC = 
Otoucalofa Creek; YR = Yocona River; CC = Cypress Creek; TRT = Tallahatchie River Tributaries; TR = Tippah River. 
USFS = USDA Forest Service; UMBFS = University of Mississippi Biological Field Station; USCOE = U.S. Corps of 
Engineers; WDSP = Wall Doxey State Park.  *Indicates sites that have not been sampled since 1998. 
 
Site ID Date Source T CPUE Unit Stream Ownership Lat. Long. 
 
1090 10/10/1985 Ross et al. 2001 1 
 
OC Smith Cr Private 34.168 89.438 
1090 6/17/2009 2009-2010 data 1 8.49 OC Smith Cr Private 34.168 89.438 
640 6/19/2009 2009-2010 data 7 54.9 OC Johnson Cr Private 34.123 89.641 
*749 6/14/1989 Suttkus et al. 1994 26 
 
OC U.T. Otoucalofa Cr Private 34.141 89.589 
*749 5/18/1990 Suttkus et al. 1994 2 
 
OC U.T. Otoucalofa Cr Private 34.141 89.589 
*749 4/12/1992 Suttkus et al. 1994 1 
 
OC U.T. Otoucalofa Cr Private 34.141 89.589 
7177 6/30/2009 2009-2010 data 2 21.88 OC Spring Cr Private 34.153 89.529 
7178 6/18/2009 2009-2010 data 2 8.91 OC Moore Cr Private 34.156 89.548 
7179 6/18/2009 2009-2010 data 16 116.1 OC Mill Cr Private 34.166 89.52 
7186 6/19/2009 2009-2010 data 12 144 OC U.T. Otoucalofa Cr Private 34.125 89.61 
841 6/15/1989 Suttkus et al. 1994 3 
 
OC Gordon Branch Private 34.14 89.549 
841 6/30/2009 2009-2010 data 15 169.8 OC Gordon Branch Private 34.14 89.549 
990 7/23/1985 Ross et al. 2001 4 
 
OC Smith Cr Private 34.138 89.474 
1129 7/8/1985 Ross et al. 2001 14 
 
OC Otoucalofa Cr Private 34.133 89.412 
1129 7/8/1985 Ross et al. 2001 12 
 
OC Otoucalofa Cr Private 34.133 89.412 
*4984 5/14/1986 Ross et al. 2001 2 
 
OC Otoucalofa Cr Private 34.162 89.512 
*5034 7/10/1985 Ross et al. 2001 1 
 
OC Shippy Cr Private 34.153 89.433 
6858 6/11/1999 1999-2003 data 2 8.87 YR Pumpkin Cr Pr., 2000 m DS of USFS land 34.327 89.397 
6859 6/11/1999 1999-2003 data 6 52.68 YR Pumpkin Cr Pr., 250 m DS of USFS land 34.339 89.384 
*5028 5/6/1974 Suttkus et al. 1994 3 
 
YR Pumpkin Cr Private 34.286 89.445 
1164 5/24/1952 Suttkus et al. 1994 11 
 
YR Pumpkin Cr Pr., 2000 m DS of USFS land 34.327 89.397 
1164 4/17/1969 Suttkus et al. 1994 7 
 
YR Pumpkin Cr Pr., 2000 m DS of USFS land 34.327 89.397 
1164 5/10/1988 Suttkus et al. 1994 22 
 
YR Pumpkin Cr Pr., 2000 m DS of USFS land 34.327 89.397 
1164 10/22/1988 Suttkus et al. 1994 14 
 
YR Pumpkin Cr Pr., 2000 m DS of USFS land 34.327 89.397 
1164 7/27/1989 Suttkus et al. 1994 4 
 
YR Pumpkin Cr Pr., 2000 m DS of USFS land 34.327 89.397 
1164 6/16/2009 2009-2010 data 1 5.19 YR Pumpkin Cr Pr., 2000 m DS of USFS land 34.327 89.397 
1164 5/18/1990 Suttkus et al. 1994 3 
 
YR Pumpkin Cr Pr., 2000 m DS of USFS land 34.327 89.397 
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7181 6/30/2009 2009-2010 data 1 8.28 YR U.T. of Pumpkin Cr Private 34.291 89.44 
6860 9/1/2009 1999-2003 data 2 11.98 YR Yellow Leaf Cr Pr., 740 m DS of USFS land 34.368 89.428 
6861 6/9/1999 1999-2003 data 5 34.04 YR Yellow Leaf Cr Pr., 1300 m DS of USFS land 34.375 89.421 
6862 6/9/1999 1999-2003 data 3 18 YR Yellow Leaf Cr Pr., 1500 m DS of USFS land 34.374 89.421 
6863 6/9/1999 1999-2003 data 7 81.55 YR Yellow Leaf Cr Pr., 460 m DS of USFS land 34.379 89.413 
765 5/11/1988 Suttkus et al. 1994 10 
 
YR U.T. of Taylor Cr Private 34.123 89.641 
765 6/26/2009 2009-2010 data 12 64.96 YR U.T. of Taylor Cr Private 34.123 89.641 
*768 8/20/1991 Ross et al. 2001 1 
 
YR Taylor Cr Private 34.271 89.58 
*7176 3/24/1993 Johnston and Haag 1996 43 
 
YR Morris Cr Private 34.3 89.549 
*7176 4/26/1993 Johnston and Haag 1996 13 
 
YR Morris Cr Private 34.3 89.549 
*7176 5/20/1993 Johnston and Haag 1996 14 
 
YR Morris Cr Private 34.3 89.549 
*7176 6/25/1993 Johnston and Haag 1996 17 
 
YR Morris Cr Private 34.3 89.549 
*7176 7/26/1993 Johnston and Haag 1996 22 
 
YR Morris Cr Private 34.3 89.549 
*7176 8/27/1993 Johnston and Haag 1996 30 
 
YR Morris Cr Private 34.3 89.549 
*7176 9/24/1993 Johnston and Haag 1996 21 
 
YR Morris Cr Private 34.3 89.549 
*7176 10/21/1993 Johnston and Haag 1996 18 
 
YR Morris Cr Private 34.3 89.549 
*7176 11/19/1993 Johnston and Haag 1996 19 
 
YR Morris Cr Private 34.3 89.549 
*7176 12/14/1993 Johnston and Haag 1996 10 
 
YR Morris Cr Private 34.3 89.549 
*7176 1/12/1994 Johnston and Haag 1996 21 
 
YR Morris Cr Private 34.3 89.549 
*7176 2/23/1994 Johnston and Haag 1996 11 
 
YR Morris Cr Private 34.3 89.549 
*7176 3/11/1994 Johnston and Haag 1996 40 
 
YR Morris Cr Private 34.3 89.549 
*7176 3/23/1994 Johnston and Haag 1996 10 
 
YR Morris Cr Private 34.3 89.549 
*7176 4/7/1994 Johnston and Haag 1996 27 
 
YR Morris Cr Private 34.3 89.549 
*7176 4/20/1994 Johnston and Haag 1996 11 
 
YR Morris Cr Private 34.3 89.549 
*7176 5/2/1994 Johnston and Haag 1996 15 
 
YR Morris Cr Private 34.3 89.549 
*7176 5/17/1994 Johnston and Haag 1996 16 
 
YR Morris Cr Private 34.3 89.549 
7180 6/2/2009 2009-2010 data 11 50.83 YR Morris Cr Private 34.282 89.543 
7180 9/10/2009 2009-2010 data 13 67.05 YR Morris Cr Private 34.282 89.543 
7180 1/14/2010 2009-2010 data 3 10.56 YR Morris Cr Private 34.282 89.543 
7180 4/23/2010 2009-2010 data 12 
 
YR Morris Cr Private 34.282 89.543 
6865 3/9/1982 Thompson and Muncy 1986 1 
 
CC Cypress Cr Pr., 590 m DS USFS land 34.393 89.286 
6865 6/1/1999 1999-2003 data 4 30.13 CC Cypress Cr Pr., 600 m DS of USFS land 34.393 89.286 
6865 4/1/2009 2009-2010 data 11 23.02 CC Cypress Cr Pr., 600 m DS of USFS land 34.393 89.286 
6867 6/4/1999 1999-2003 data 9 62.53 CC Cypress Cr Pr., 1600 m DS of USFS land 34.382 89.298 
6867 7/23/2009 1999-2003 data 4 23.41 CC Cypress Cr Pr., 1600 m DS of USFS land 34.382 89.298 
6867 3/30/2009 2009-2010 data 2 12.83 CC Cypress Cr Pr., 1600 m DS of USFS land 34.382 89.298 
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6867 4/7/2009 2009-2010 data 1 6.5 CC Cypress Cr Pr., 1600 m DS of USFS land 34.382 89.298 
6875 10/17/1980 Thompson and Muncy 1986 9 
 
CC Puskus Cr USFS land boundary 34.395 89.372 
6875 7/27/1981 Thompson and Muncy 1986 13 
 
CC Puskus Cr USFS land boundary 34.395 89.372 
6875 9/29/1983 Thompson and Muncy 1986 12 
 
CC Puskus Cr USFS land boundary 34.395 89.372 
6875 6/2/1999 1999-2003 data 6 44.08 CC Puskus Cr USFS land boundary 34.395 89.372 
6875 6/2/1999 1999-2003 data 2 
 
CC Puskus Cr USFS land boundary 34.395 89.372 
6875 3/25/2009 2009-2010 data 10 
 
CC Puskus Cr USFS land boundary 34.395 89.372 
6878 8/3/1999 1999-2003 data 1 4.89 CC Puskus Cr USFS land 34.445 89.336 
6878 5/25/2000 1999-2003 data 1 3.99 CC Puskus Cr USFS land 34.445 89.336 
6878 7/24/2009 1999-2003 data 2 3.27 CC Puskus Cr USFS land 34.445 89.336 
7183 3/25/2009 2009-2010 data 5 27.48 CC Puskus Cr USFS land 34.445 89.336 
7183 3/30/2009 2009-2010 data 7 20.47 CC Puskus Cr USFS land 34.445 89.336 
*1261 10/9/1970 Suttkus et al. 1994 17 
 
CC Puskus Cr Pr., 1740 m DS USFS land 34.411 89.375 
*1261 4/7/1972 Suttkus et al. 1994 2 
 
CC Puskus Cr Pr., 1740 m DS USFS land 34.411 89.375 
*1261 9/7/1973 Suttkus et al. 1994 4 
 
CC Puskus Cr Pr., 1740 m DS USFS land 34.411 89.375 
*1261 10/13/1973 Suttkus et al. 1994 11 
 
CC Puskus Cr Pr., 1740 m DS USFS land 34.411 89.375 
*1261 5/7/1974 Suttkus et al. 1994 2 
 
CC Puskus Cr Pr., 1740 m DS USFS land 34.411 89.375 
*1261 5/5/1976 Suttkus et al. 1994 22 
 
CC Puskus Cr Pr., 1740 m DS USFS land 34.411 89.375 
*1261 3/24/1982 Ross et al. 2001 4 
 
CC Puskus Cr Pr., 1740 m DS USFS land 34.411 89.375 
*1261 8/20/1991 Ross et al. 2001 6 
 
CC Puskus Cr Pr., 1740 m DS USFS land 34.411 89.375 
1358 8/8/1984 Thompson and Muncy 1986 8 
 
CC Puskus Cr Pr., 190 m DS USFS land 34.445 89.333 
1358 7/18/1977 Ross et al. 2001 10 
 
CC Puskus Cr Pr., 190 m DS USFS land 34.445 89.333 
7170 8/8/1984 Thompson and Muncy 1986 4 
 
CC U.T. Puskus Cr Private 34.439 89.385 
7170 4/1/2009 2009-2010 data 3 6.07 CC U.T. Puskus Cr Private 34.439 89.385 
6877 7/28/1999 1999-2003 data 2 9 CC U.T. Puskus Cr USFS land boundary 34.45 89.349 
7182 4/14/2009 2009-2010 data 10 38.42 CC U.T. Puskus Cr Pr., 900 m DS of State land 34.431 89.375 
6879 9/14/1999 1999-2003 data 4 26.6 CC Bay Springs Branch UMBFS, State land 34.428 89.396 
7171 2/21/1981 Thompson and Muncy 1986 1 
 
CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 3/11/1982 Thompson and Muncy 1986 5 
 
CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 3/14/1984 Thompson and Muncy 1986 2 
 
CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 4/22/1984 Thompson and Muncy 1986 7 
 
CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 10/29/1984 Thompson and Muncy 1986 11 
 
CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 3/14/1980 Suttkus et al. 1994 4 
 
CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 3/14/1980 Suttkus et al. 1994 3 
 
CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 4/14/2009 2009-2010 data 10 52.17 CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 2/25/2009 2009-2010 data 156 120.5 CC Bay Springs Branch UMBFS, State land 34.428 89.394 
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7171 9/30/2009 2009-2010 data 74 49.79 CC Bay Springs Branch UMBFS, State land 34.428 89.394 
7171 2/10/2010 2009-2010 data 187 117.4 CC Bay Springs Branch UMBFS, State land 34.428 89.394 
1187 8/21/1991 Ross et al. 2001 5 
 
CC U.T. Bay Springs Branch UMBFS, State land 34.421 89.388 
1187 8/21/1991 Ross et al. 2001 4 
 
CC U.T. Bay Springs Branch UMBFS, State land 34.421 89.388 
*5000 7/26/1984 Thompson and Muncy 1986 1 
 
TRT Graham Mill Cr USCOE land 34.525 89.494 
*5000 11/6/1984 Thompson and Muncy 1986 2 
 
TRT Graham Mill Cr USCOE land 34.525 89.494 
*5000 10/5/1995 Ross et al. 2001 1 
 
TRT Graham Mill Cr USCOE land 34.525 89.494 
*5000 5/20/1996 Ross et al. 2001 1 
 
TRT Graham Mill Cr USCOE land 34.525 89.494 
*5000 8/5/1996 Ross et al. 2001 1 
 
TRT Graham Mill Cr USCOE land 34.525 89.494 
*971 5/19/1988 Suttkus et al. 1994 18 
 
TRT Graham Mill Cr Pr., 895 US of USCOE land 34.503 89.491 
*971 5/18/1990 Suttkus et al. 1994 3 
 
TRT Graham Mill Cr Pr., 895 US of USCOE land 34.503 89.491 
*971 4/12/1992 Suttkus et al. 1994 4 
 
TRT Graham Mill Cr Pr., 895 US of USCOE land 34.503 89.491 
*5038 10/2/1995 Ross et al. 2001 8 
 
TRT Bagley Cr USFS land 34.495 89.413 
*5038 7/30/1996 Ross et al. 2001 1 
 
TRT Bagley Cr USFS land 34.495 89.413 
*5041 5/17/1996 Ross et al. 2001 2 
 
TRT Bagley Cr USFS land 34.482 89.409 
*5041 7/30/1996 Ross et al. 2001 8 
 
TRT Bagley Cr USFS land 34.482 89.409 
6881 6/7/1999 1999-2003 data 1 8.35 TRT Bagley Cr USFS land 34.48 89.405 
6814 8/10/1999 1999-2003 data 1 2.36 TRT Tallahatchie R. Canal USCOE land 34.528 89.366 
6819 8/9/1999 1999-2003 data 1 
 
TRT Tallahatchie R. Canal Private 34.482 89.225 
6820 10/4/1995 Ross et al. 2001 4 
 
TRT Mitchell Cr Pr., 550 m DS of USFS land 34.521 89.203 
6820 5/21/1996 Ross et al. 2001 3 
 
TRT Mitchell Cr Pr., 550 m DS of USFS land 34.521 89.203 
6820 8/6/1996 Ross et al. 2001 1 
 
TRT Mitchell Cr Pr., 550 m DS of USFS land 34.521 89.203 
6820 8/2/1999 1999-2003 data 4 36 TRT Mitchell Cr Pr., 550 m DS of USFS land 34.521 89.203 
6853 7/29/1999 1999-2003 data 2 8.05 TRT Big Spring Cr Private 34.634 89.397 
*7175 4/7/1984 Thompson and Muncy 1986 6 
 
TRT Big Spring Cr Private 34.721 89.406 
*1201 5/18/1988 Suttkus et al. 1994 4 
 
TRT Big Spring Cr Private 34.711 89.394 
*1201 5/20/1981 Suttkus et al. 1994 8 
 
TRT Big Spring Cr Private 34.711 89.394 
*1201 4/13/1984 Ross et al. 2001 9 
 
TRT Big Spring Cr Private 34.711 89.394 
*1201 3/16/1983 Ross et al. 2001 4 
 
TRT Big Spring Cr Private 34.711 89.394 
*1201 4/29/1982 Ross et al. 2001 2 
 
TRT Big Spring Cr Private 34.711 89.394 
*1201 5/12/1982 Ross et al. 2001 4 
 
TRT Big Spring Cr Private 34.711 89.394 
6852 7/30/1999 1999-2003 data 32 163.9 TRT U.T. Big Spring Cr Private 34.663 89.412 
6852 6/23/2009 2009-2010 data 73 411.3 TRT U.T. Big Spring Cr Private 34.663 89.412 
6852 9/11/2009 2009-2010 data 24 131.5 TRT U.T. Big Spring Cr Private 34.663 89.412 
6852 1/26/2010 2009-2010 data 62 185.8 TRT U.T. Big Spring Cr Private 34.663 89.412 
6852 5/24/2010 2009-2010 data 51 
 
TRT U.T. Big Spring Cr Private 34.663 89.412 
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6882 8/5/1999 1999-2003 data 5 43.27 TRT Lee Cr Pr., 925 m DS of USFS land 34.473 89.446 
6883 5/24/2000 1999-2003 data 5 22.75 TRT Lee Cr USFS land boundary 34.497 89.456 
6883 8/5/1999 1999-2003 data 1 7.79 TRT Lee Cr USFS land boundary 34.497 89.456 
*4993 5/20/1996 Ross et al. 2001 3 
 
TRT Lee Cr USFS land boundary 34.498 89.457 
*4993 7/28/1995 Ross et al. 2001 2 
 
TRT Lee Cr USFS land boundary 34.498 89.457 
*4993 8/5/1996 Ross et al. 2001 1 
 
TRT Lee Cr USFS land boundary 34.498 89.457 
*4997 5/7/1993 Ross et al. 2001 1 
 
TRT Lee Cr USCOE land 34.513 89.49 
*5015 5/20/1993 Ross et al. 2001 2 
 
TRT Lee Cr Pr., 680 m DS of USFS land 34.499 89.465 
7049 7/3/2002 1999-2003 data 4 
 
TRT Mill Cr Private 34.546 89.227 
7083 10/27/1973 Suttkus et al. 1994 6 
 
TRT Little Spring Cr Pr., 790 m DS of State land 34.642 89.464 
7083 5/7/1974 Suttkus et al. 1994 1 
 
TRT Little Spring Cr Pr., 790 m DS of State land 34.642 89.464 
7083 5/10/1988 Suttkus et al. 1994 1 
 
TRT Little Spring Cr Pr., 790 m DS of State land 34.642 89.464 
7083 5/30/2003 1999-2003 data 1 2.58 TRT Little Spring Cr Pr., 790 m DS of State land 34.642 89.464 
*7174 7/13/1984 Thompson and Muncy 1986 9 
 
TRT Little Spring Cr Wall Doxey State Park 34.667 89.467 
*7174 8/17/1984 Thompson and Muncy 1986 3 
 
TRT Little Spring Cr Wall Doxey State Park 34.667 89.467 
*7174 3/8/1985 Thompson and Muncy 1986 16 
 
TRT Little Spring Cr Wall Doxey State Park 34.667 89.467 
7184 4/2/2010 2009-2010 data 1 
 
TRT Little Spring Cr USCOE land 34.576 89.475 
*1039 10/13/1973 Suttkus et al. 1994 1 
 
TRT Little Spring Cr Wall Doxey State Park 34.66 89.467 
7089 10/16/1981 Thompson and Muncy 1986 2 
 
TRT Oak Chewalla Cr USCOE land 34.582 89.511 
7089 9/14/1983 Thompson and Muncy 1986 1 
 
TRT Oak Chewalla Cr USCOE land 34.582 89.511 
7089 5/22/2003 1999-2003 data 1 3.12 TRT Oak Chewalla Cr USCOE land 34.582 89.511 
7089 5/18/1988 Suttkus et al. 1994 5 
 
TRT Oak Chewalla Cr USCOE land 34.582 89.511 
7089 5/19/1988 Suttkus et al. 1994 5 
 
TRT Oak Chewalla Cr USCOE land 34.582 89.511 
7089 5/18/1990 Suttkus et al. 1994 1 
 
TRT Oak Chewalla Cr USCOE land 34.582 89.511 
7090 5/22/2003 1999-2003 data 3 15.84 TRT Oak Chewalla Private 34.613 89.518 
7091 5/23/2003 1999-2003 data 2 11.76 TRT Fice Cr Pr., 760 m DS of USFS land 34.421 89.246 
*7173 8/26/1982 Thompson and Muncy 1986 10 
 
TRT Blackwater Cr USCOE land 34.569 89.609 
*7173 8/11/1984 Thompson and Muncy 1986 5 
 
TRT Blackwater Cr USCOE land 34.569 89.609 
*935 4/12/1992 Suttkus et al. 1994 1 
 
TRT Hurricane Cr Private 34.446 89.512 
*935 4/12/1992 Suttkus et al. 1994 14 
 
TRT Hurricane Cr Private 34.446 89.512 
*935 5/19/1988 Suttkus et al. 1994 6 
 
TRT Hurricane Cr Private 34.446 89.512 
*935 3/11/1989 Suttkus et al. 1994 64 
 
TRT Hurricane Cr Private 34.446 89.512 
*935 5/18/1990 Suttkus et al. 1994 8 
 
TRT Hurricane Cr Private 34.446 89.512 
*935 5/24/1992 Suttkus et al. 1994 13 
 
TRT Hurricane Cr Private 34.446 89.512 
*4994 4/7/1984 Thompson and Muncy 1986 18 
 
TRT Hurricane Cr Private 34.425 89.496 
*4994 4/18/1984 Thompson and Muncy 1986 4 
 
TRT Hurricane Cr Private 34.425 89.496 
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*4994 4/22/1984 Thompson and Muncy 1986 3 
 
TRT Hurricane Cr Private 34.425 89.496 
*4994 11/10/1984 Thompson and Muncy 1986 4 
 
TRT Hurricane Cr Private 34.425 89.496 
*7172 8/2/1984 Thompson and Muncy 1986 1 
 
TRT Hurricane Cr Pr., 1,120m US of USCOE land 34.457 89.545 
6821 - Randolph and Kennedy 1974 0 
 
TR Yellow Rabbit Cr USFS land boundary 34.819 89.105 
6821 7/21/1999 1999-2003 data 6 15.35 TR Yellow Rabbit Cr USFS land boundary 34.819 89.105 
6821 6/25/2009 2009-2010 data 13 91.59 TR Yellow Rabbit Cr USFS land boundary 34.819 89.105 
6821 7/2/2009 2009-2010 data 25 91.93 TR Yellow Rabbit Cr USFS land boundary 34.819 89.105 
6821 10/21/2009 2009-2010 data 12 57.37 TR Yellow Rabbit Cr USFS land boundary 34.819 89.105 
6821 1/27/2010 2009-2010 data 13 24.55 TR Yellow Rabbit Cr USFS land boundary 34.819 89.105 
6821 5/26/2010 2009-2010 data 12 
 
TR Yellow Rabbit Cr USFS land boundary 34.819 89.105 
6822 - Randolph and Kennedy 1974 0 
 
TR Yellow Rabbit Cr Private 34.773 89.144 
6822 7/22/1999 1999-2003 data 4 15.5 TR Yellow Rabbit Cr Private 34.773 89.144 
6827 7/12/1999 1999-2003 data 15 103.8 TR Wagner Cr Pr., 420 m US of USFS land 34.768 89.229 
6829 6/17/1999 1999-2003 data 20 159.6 TR U.T. Tippah River USFS land boundary 34.708 89.255 
6829 6/25/2009 2009-2010 data 11 110.9 TR U.T. Tippah River USFS land boundary 34.708 89.255 
6830 6/17/1999 1999-2003 data 2 17.6 TR U.T. Tippah River Pr., 625 m DS of USFS land 34.681 89.281 
6832 7/9/1999 1999-2003 data 6 53.33 TR U.T. Tippah River USFS land 34.66 89.287 
6847 6/16/1999 1999-2003 data 13 112.8 TR Chewalla Cr Pr., 1600 m US of USFS land 34.814 89.368 
6849 6/21/1999 1999-2003 data 1 6.41 TR Chewalla Cr USFS land 34.697 89.331 
*1325 5/20/1981 Suttkus et al. 1994 1 
 
TR Chewalla Cr Pr., 1060 m US of USFS land 34.767 89.346 
6851 7/8/1999 1999-2003 data 28 209.6 TR U.T. Chewalla Cr USFS land boundary 34.733 89.303 
7085 7/12/1984 Thompson and Muncy 1986 3 
 
TR U.T. Chewalla Cr USFS land 34.76 89.332 
7085 7/2/2003 1999-2003 data 13 53.46 TR U.T. Chewalla Cr USFS land 34.76 89.332 
7085 6/24/2009 2009-2010 data 4 19.2 TR U.T. Chewalla Cr USFS land 34.76 89.332 
7085 6/25/2009 2009-2010 data 5 
 
TR U.T. Chewalla Cr USFS land 34.76 89.332 
7185 6/24/2009 2009-2010 data 7 68.29 TR U.T. Chewalla Cr USFS land 34.725 89.305 
1348 9/7/1968 Randolph and Kennedy 1974 1 
 
TR U.T. Chewalla Cr Pr., 260 m US of USFS land 34.764 89.343 
*1550 2/24/1984 Thompson and Muncy 1986 2 
 
TR Big Snow Cr Pr., 750 m US of USFS land 34.815 89.24 
1687 9/11/1968 Randolph and Kennedy 1974 1 
 
TR Rhoden Cr Private 34.757 89.169 
*1878 10/5/1968 Randolph and Kennedy 1974 3 
 
TR Sorghum Cr Private 34.707 89.071 
7053 5/24/2002 1999-2003 data 1 
 
TR South Fork Chili Cr Pr., 1300 m DS of USFS land 34.682 89.172 
7053 9/1/2009 1999-2003 data 22 119.8 TR South Fork Chili Cr Pr., 1300 m DS of USFS land 34.682 89.172 
7053 10/20/2009 2009-2010 data 3 14.5 TR South Fork Chili Cr Pr., 1300 m DS of USFS land 34.682 89.172 
7053 1/15/2010 2009-2010 data 11 37.43 TR South Fork Chili Cr Pr., 1300 m DS of USFS land 34.682 89.172 
7053 5/27/2010 2009-2010 data 1 
 
TR South Fork Chili Cr Pr., 1300 m DS of USFS land 34.682 89.172 
7080 7/2/2003 1999-2003 data 2 5.82 TR Shelby Cr USFS land boundary 34.843 89.039 
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